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Abstract

Tactile information is critical for our ability to manipulate objects, recognize textures, and provide motor
feedback during locomotion. These sensations are conveyed by cutaneous low-threshold mechanoreceptors
(LTMRs), which convey innocuous tactile sensations to local spinal circuits and to regions of the brain
through direct connections. However, under pathological conditions, these neurons can aberrantly activate
noxious pain sensations instead. Here, I explore developmental mechanisms of LTMRs and their mature
functions under pathological conditions. In Chapter 2, we examine the role of a specialized population of roof
plate-derived radial glial-like cells (RGLCs), which we show is necessary for the long-distance projections of
rapidly adapting (RA) LTMRs to the brain. Using RNA sequencing, we show that these RGLCs express a
variety of growth-promoting molecules that may support the axon growth of RA-LTMRs. With a sparse
labeling technique, we show that in the absence of the RGLCs, the axons of RA-LTMRs fail to extend fully to
the brain. Interestingly, this effect does not extend to other neuronal axon types within the same region of the
spinal cord that typically do not innervate the brain directly. We conclude that RGLCs play a role in
specifically supporting the growth of long-projecting RA- LTMRs. In Chapter 3, we explore the role LTMRs
in pathological pain conditions. We describe the development of a transgenic mouse line, Aβ-ReaChR, in
order to specifically activate the Aβ class of LTMRs using optogenetic stimulation using three different mouse
lines, Split-Cre, Advillin-FlpO, and Rosa-ReaChR. We then discuss how these tools may be applied to test and
define a role for Aβ-LTMRs in pathological pain conditions. Together, this work provides insight into the
development mechanisms of touch neurons, and also provide a new strategy with which to probe their mature
function.
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ABSTRACT
DEVELOPMENTAL AND SIGNALING MECHANISMS OF TOUCH NEURONS
Kim Kridsada
Wenqin Luo
Tactile information is critical for our ability to manipulate objects, recognize textures, and provide
motor feedback during locomotion. These sensations are conveyed by cutaneous low-threshold
mechanoreceptors (LTMRs), which convey innocuous tactile sensations to local spinal circuits
and to regions of the brain through direct connections. However, under pathological conditions,
these neurons can aberrantly activate noxious pain sensations instead. Here, I explore
developmental mechanisms of LTMRs and their mature functions under pathological conditions.
In Chapter 2, we examine the role of a specialized population of roof plate-derived radial glial-like
cells (RGLCs), which we show is necessary for the long-distance projections of rapidly adapting
(RA) LTMRs to the brain. Using RNA sequencing, we show that these RGLCs express a variety
of growth-promoting molecules that may support the axon growth of RA-LTMRs. With a sparse
labeling technique, we show that in the absence of the RGLCs, the axons of RA-LTMRs fail to
extend fully to the brain. Interestingly, this effect does not extend to other neuronal axon types
within the same region of the spinal cord that typically do not innervate the brain directly. We
conclude that RGLCs play a role in specifically supporting the growth of long-projecting RALTMRs. In Chapter 3, we explore the role LTMRs in pathological pain conditions. We describe
the development of a transgenic mouse line, Aβ-ReaChR, in order to specifically activate the Aβ
class of LTMRs using optogenetic stimulation using three different mouse lines, SplitCre,
AdvillinFlpO, and RosaReaChR. We then discuss how these tools may be applied to test and define a
role for Aβ-LTMRs in pathological pain conditions. Together, this work provides insight into the
development mechanisms of touch neurons, and also provide a new strategy with which to probe
their mature function.
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PREFACE
Our bodies experience the world through complex, layered sensations as we go about
our day-to-day tasks. Some sensations (a gentle stroke or a cool breeze) are more
pleasant than others (a bug bite or grasping a hot pan), yet we have no difficulty
navigating appropriate responses to each. These encounters are detected by the
abundant touch, temperature, itch, and pain sensing receptors throughout the skin. A
major motivation for my thesis work was to explore how our somatosensory system
develops during the stages of early development. I explore this topic in Chapter 2 by
examining a specialized role for roof plate-derived radial glial cells in the long-distance
growth of touch-sensing neurons in the spinal cord. I also examine the functional role the
touch pathway plays in the mature nervous system in Chapter 3, where I discuss a
genetic strategy we developed to dissect the crosstalk between touch and pain
pathways in chronic pain conditions.
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CHAPTER 1: Development and function of the somatosensory system

1.1 Introduction to the somatosensory system
The somatosensory system provides us with information about the internal and external
state of our bodies. This sensory information can be broadly classified as interoceptive
(internal) and exteroceptive (external) (Kandel et al., 2013). Interoceptive sensors
receive proprioceptive and autonomic information about the stretch and position of
skeletal muscles and viscera, respectively. Exteroceptive receptors receive cutaneous
information about innocuous or noxious stimuli, and these can be classified as having
tactile, temperature, pruritoceptive (itch), and nociceptive (pain) qualities. The bulk of the
studies described here will focus on the exteroceptive system, though it is important to
acknowledge that many of these pathways are closely intertwined with the interoceptive
system, such as the relationship between touch and proprioception, described further
below.
Cutaneous information relies on the presence of various skin receptors that
respond to stimuli such as skin stretch (mechanical), injury (noxious), insect bite
(pruriceptive), heat or cold (temperature). Peripheral information for each of these
modalities is received by clusters of primary sensory neurons known as dorsal root
ganglion (DRG) or trigeminal ganglion (TG), which are located alongside the spinal cord
and brain stem, respectively. DRG neurons have a pseudounipolar body, from which a
single axon exits and bifurcates, sending one axonal branch to the periphery with a
specialized cutaneous structure and the other branch into the spinal cord. This central
branch projects into the dorsal horn of the spinal cord to form synapses with
interneurons in organized layers called Rexed laminae (Willis, Jr. and Coggeshall, 2004)
1

and, in some instances, directly synapsing at the dorsal column nuclei (Abraira and
Ginty, 2013). While each sensory modality seems to be largely transmitted by specific
types of DRG primary sensory neurons (so-called “labeled lines”), some types can be
polymodal, responding to multiple modalities of stimuli. All this sensory information is
integrated via the spinal cord to processing regions in the medulla and brain. In the
following sections, I will assess the current knowledge on the formation and function the
somatosensory system, with special attention to the topics that shall lay the foundation
for this dissertation.

1.2 Formation of the somatosensory system
Neural circuitry is formed with remarkable specificity, and the foundations of these
complex networks are determined astonishingly early. Beginning with the neurogenesis
and specification of cell identity, early neurons must also form precise axonal
connections by navigating the changing neural environment and both these features
seem to be closely tied to shared genetic programs (Marmigère and Ernfors, 2007).
1.2.1 Neurogenesis and specification of primary sensory neurons
A central question in developmental biology is how neurons select to adopt a single fate
over many other different types. Primary sensory neuron development has become an
important model of such diversification. During development, multipotent neural crest
cells, which appear between the ectoderm and neural plate, give rise to what will
become sensory, enteric, and sympathetic neurons. Around embryonic day (E)8.5-E10
in mice, the neural crest cells delaminate from the neural tube and begin their migration
ventrally, coalescing to form the DRG (Marmigère and Ernfors, 2007; Serbedzija et al.,
1990). During migration, signals secreted from the neighboring somites and neural tube
2

determine DRG diversification. From these signals, sensory neurons express unique
genetic markers, such as ion channels and neuropeptides, and exhibit distinct physical
traits, such as diameter and myelination thickness (Marmigère and Ernfors, 2007).
Neurogenesis, which begins from ventral to dorsal, is thought to occur in three
waves. Basic helix-loop-helix transcription factors (TFs) neurogenin 1 (NGN1) and
neurogenin 2 (NGN2) are required to influence peripheral sensory fate over autonomic
fate (Anderson, 1999), but are not required to specify which subtype. In the first wave,
NGN2 initiates neurogenesis of large-diameter neurotrophic tyrosine kinase receptor
(TRK) B+, TRKC+, and RET+ neurons, which eventually become the majority of all lowthreshold mechanoreceptors and proprioceptors (Ma et al., 1999; Olson et al., 2016).
The second wave is initiated by NGN1 to generate most small-diameter TRKA+ neurons,
which become peptidergic or non-peptidergic nociceptors and pruritoceptors, and the
remaining TrkB+/TrkC+ neurons (Ma et al., 1999; Olson et al., 2016). The last wave is
generated from boundary cap cells, which is a structure located at the dorsal root entry
zone by the border of the CNS and PNS, around E10.75 in mice (Marol et al., 2004).
Neural crest cells from here generate the final set of small-diameter TrkA+ neurons. TFs
WNT1 and WNT3A secreted from the dorsal neural tube have also been shown to be
necessary and sufficient to induce NGN2 expression and subsequent sensory neuron
fate (Lee et al., 2004; Makoto et al., 1997). High expression of bone morphogenic factors
(BMPs) biases cells towards autonomic lineage, though at low levels, they can increase
sensory neuron fate (Lee et al., 2004; Reissmann et al., 1996).
Further subtype specification occurs through expression of TRKA, TRKB, and
TRKC, by dictating cell survival, connectivity, and ion channel or peptide expression
(Bibel and Barde, 2000). The runt-related transcription factor (Runx) family is a key
3

player in subtype specification. Runx1 and Runx3 are expressed in TRKA+ and TRKC+
non-overlapping populations, respectively. Early on, Runx1 is required for the expression
of transient receptor potential (TRP) channels TRPM8 and TRPA1, each of which are
specific to small-diameter cold sensing or nociceptive neurons (Chen et al., 2006). In
late embryonic and postnatal stages, Runx1 directs the further specification by limiting
TRKA expression, found in all small-diameter neurons initially. This expressional change
give rise to peptidergic (TRKA+) and nonpeptidergic (TRKA-/RET+) neurons (Molliver
and Snider, 1997; Molliver et al., 1997). On the other hand, Runx3 is restricted to
TRKB+/TRKC+ and TRKC+ cells by E12.5 (Levanon et al., 2002), which ultimately
become mechanoreceptors and proprioceptors. In the absence of Runx3, TRKC
expression and proprioceptive markers are absent (Levanon et al., 2002). At late
embryonic stages, Runx3 further diversifies TRKC+ populations by suppressing coexpression of TRKB+/TRKC+ by E14.5 (Kramer et al., 2006) to generate TRKC+ only
proprioceptive and RET+/TRK-negative mechanoreceptive populations.
1.2.2 Patterning of the neural tube
The spinal cord, though simple in structure, contains a diversity of neurons that are
specified early in development by a combination of TFs. These TFs are expressed in
overlapping, dynamic gradients. Extensive work has shown that early development of
the posterior neural tube relies on two specialized signaling centers at the dorsal and
ventral aspects, called the roof and floor plate, respectively. In the floor plate, Sonic
hedgehog (SHH) is secreted, and plays a critical role in the specification of ventral
populations of the neural tube through its graded influence on TF activity along the
dorsal-ventral axis (Briscoe et al., 2000). In the roof plate and ectoderm, BMPs and
WNTs are the major regulators for TFs controlling dorsal interneuron identities
4

(Chizhikov and Millen, 2005; Lee et al., 2000; Liem Jr. et al., 1995). Together, these two
opposing gradients effect the expression of different TFs based on the concentration of
each along the dorsal-ventral axis.
The patterning that arises from the dorsal-ventral morphogen gradient
determines progenitor domains around the ventricular zone, where a variety of
postmitotic cells arise (Hernandez-Miranda et al., 2017; Lai et al., 2016). The early-born
cells, appearing around E9.5 to E11.5 in mice, are categorized into 6 dorsal (dI1-dI6)
and 5 ventral domains (V0-V3 and MN). The late-born cells, appearing at E11.5 to E13.5
in the dorsal domain, comprise dILA and dILB, and these emerge in a salt-and-pepper
pattern from the same domain. Cells can be further classified by their spinal cord
positioning, neuropeptide expression profile, and spinal cord projections.
While the mature spinal cord possesses an organized laminar structure, similar
position within the spinal cord is hardly predictive of shared developmental origins.
Within each lamina, several different cell lineages intermingle and birth date does not
obviously correlate with any pattern, in contrast to those in the cortex. However,
populations within the dorsal spinal cord can be loosely grouped by their sensory
modalities, despite differing morphological and physiological traits, and neuropeptide
expression. For example, a subset of dI5/dILB cells expressing gastrin-releasing peptide
receptor (GRPR+) respond to chemical itch (Sun and Chen, 2007), whereas dI4/dILA
cells expressing neuropeptide Y (NPY+) respond to mechanical itch (Bourane et al.,
2015a). In some cases, neurons with shared functions arise from a number of different
origins, serving converging or redundant functions. Propriospinal neurons, which control
voluntary motor movement of the forelimbs, are found to originate from dI3, V1, V2, and
V3 (Pivetta et al., 2014). Largely speaking, proprioceptive and touch-dependent motor
5

pathways arise from the dI1, dI2, and dI3 populations, and sometimes dIL4/dILA
populations (Lai et al., 2016). Cells involved in gate control circuitry of exteroceptive
pathways, such as pain, thermosensation, itch, and touch, are generated from the
dI4/dILA and dI5/dILB populations (Lai et al., 2016). Finally, the dI6 population are
primarily involved in ventral-motor circuits relating to rhythmic gait. (Lai et al., 2016).
1.2.3 Lineage of the touch pathway
While the spinal cord circuitry underlying tactile processing is still not fully understood,
the developmental lineage of many of these interneurons has come to light with recent
work. Islet-1 (Isl1+) dI3-lineage interneurons, which arrive at laminae V-VII, are known to
play a role in touch-responding grasping movements, receiving both proprioceptive and
Aβ LTMR afferents (Bui et al., 2013; Stepien et al., 2010). Excitatory RORα+ neurons,
which arrive at lamina IIi/III where innocuous touch information is received, are primarily
LMX1B+/PAX2- and likely arise from a subset of dI5/dILB progenitors (Del Barrio et al.,
2012; Bourane et al., 2015b). These neurons are needed for static and dynamic light
touch sensation, and corrective reflex foot movement through corticospinal and
vestibulospinal inputs (Bourane et al., 2015b). These studies show that touch-responsive
spinal circuits are able to integrate tactile information with fine and gross motor control.
1.2.4 Lineage of the nociceptive pathway
Though projections for nociceptive sensory neurons primarily innervate laminae I-II, the
interneurons processing pain are found in laminae I-V. The lineage of many of the
participants of the pain and thermal sensing pathways are not yet fully elucidated,
though some studies have begun to identify key progenitors. Excitatory interneurons
derived from dI5/dILB progenitors are distributed throughout the dorsal horn, and are
involved in dynamic light touch, thermal nociception, pain, and itch, but not motor control
6

(Szabo et al., 2015; Xu et al., 2008, 2013). A subset of these neurons belong to the
RORα+ subpopulation involved in innocuous touch in lamina Iii/III described above
(Bourane et al., 2015b). Somatostatin (SOM+) neurons, which comprise 59% of
excitatory neurons in lamina II, are also likely derived from dIL5/dILB lineage, and are
involved in mechanical allodynia (Duan et al., 2014; Gutierrez-Mecinas et al., 2016;
Peirs et al., 2015). Dynorphin (DYN+) expressing inhibitory neurons derived from dILA
lineage potentially provide gating control onto SOM+ projection neurons through
feedforward inhibition (Duan et al., 2014). SOM+ interneurons at the II/III laminar
boundary may be downstream targets of PKCγ interneurons involved in mechanical
allodynia (Petitjean et al., 2015). A subset in lamina III, where touch afferents innervate,
transiently expressing VGLUT3 also convey mechanical allodynia by activating lamina I
nociceptive projections neurons through spinal microcircuits (Peirs et al., 2015).
1.2.5 Wiring of the spinal cord pathways
A functional nervous system not only requires correct cell specification and anatomical
positioning, but also relies on an intricate network of connections formed at
embryogenesis. During development, guidance cues are provided by a combination of
long-range and short-range factors that can both attract or repel the axon growth cones
(Tessier-Lavigne and Goodman, 1996). In the early mammalian vertebrate, many
studies have already revealed the primary players dictating neuronal connections along
the dorsal-ventral axis. Dorsal commissural neurons, or dI1 cells, are perhaps the best
studied group along with their numerous guidance molecules (Stoeckli, 2018). These
neurons send projections out ventrally toward the floor plate, where the axons then exit
the midline and turn rostrally on the contralateral side. In this first phase, the dI1 axons
are both attracted to the floor plate by a chemoattractive gradient of Netrin, Shh, and
7

vascular endothelial growth factor (VEGF) (Charron et al., 2003; Dominici et al., 2017;
Ruiz de Almodovar et al., 2011; Varadarajan et al., 2017), while simultaneously being
repelled from the roof plate by BMP7 and Draxin (Augsburger et al., 1999; Butler and
Dodd, 2003). Once at the floor plate, the axons are expelled on the contralateral side by
repulsive Slits expressed at the midline based on their timed expression of Roundabout
(Robo) receptor (Brose et al., 1999). Class-3 semaphorins also provide a timed repulsive
force from the floor plate, where axon responses are modulated by receptors plexin A1
and neuropilin 2 (Nawabi et al., 2010), and Shh (Parra and Zou, 2010).
Along the rostral-caudal axis, guidance mechanisms have only just recently
begun to be understood. Axon growth along this axis are directed by morphogen
gradients that serve to attract and repel axons in the appropriate direction. For postcrossing commissural axons in chick embryo, Wnt4 is expressed in a rostralhigh/caudal-low gradient at the floor plate, and is able to attract commissural axons
expression receptor Frizzled3 (Fz3) (Lyuksyutova et al., 2003). Simultaneously,
commissural axons are repelled by a rostral-low/caudal-high Shh gradient expressed at
the floor plate mediated by Hedgehog interacting protein (Hip), which turns on postcrossing in a glypican-1-dependent manner (Bourikas et al., 2005; Wilson and Stoeckli,
2013; Yam et al., 2012). In mice, Wnt gradients are determined by activity regulation,
rather than expressional gradient. Secreted frizzled-related protein 1 (Sfrp1) antagonizes
Wnt to form an activity gradient, thus regulating the effect of Shh along the rostral-caudal
axis (Domanitskaya et al., 2010). There is also evidence that Wnt gradients may also
direct descending axons of the corticospinal tract (CST) through axonal expression of
the Ryk receptor (Liu et al., 2005).
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Together these studies show the complexities of timing and coordination of
developmental signals required to form the complex networks of the nervous system.
Other nuances of axon guidance over the length of the spinal cord are still unclear. For
instance, how do some axons sustain growth over incredible distances, seemingly
exceeding the influence long-range guidance signals? This question is discussed in
Chapter 2.

1.3 Anatomy, physiology, and molecular identity of sensory neurons
A diverse array of peripheral sensory receptors is distributed throughout the body. They
can be categorized by their location in the skin, skeletal muscles, and joints, as well as
their response properties and spinal innervating patterns. In this section, I provide
descriptions of touch and pain primary sensory neurons as background for the
subsequent chapters.
1.3.1 Properties of cutaneous mechanoreceptors and nociceptors
Primary sensory neurons are subcategorized based on their physical and
electrophysiological properties, namely, their axon conduction velocity, soma and axon
diameter, and level of myelination. Accordingly, three main classes exist: Aβ, Aδ, and C.
The largest in size is the Aβ class, which are characterized by their fast conduction
velocities (30-100 m/s) and high degree of myelination (Willis, Jr. and Coggeshall, 2004).
The Aδ class are medium in size and thinly myelinated, with relatively slower conduction
velocities (4-30 m/s) (Willis, Jr. and Coggeshall, 2004). C fibers are unmyelinated, small
diameter neurons that have the slowest conduction velocities (<2.5 m/s) (Willis, Jr. and
Coggeshall, 2004). The C-type are the most abundant class.
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Nearly all Aβ fibers have low mechanical thresholds, and respond to light,
innocuous touch. The Aδ and C classes are generally considered to be nociceptors,
responding to high threshold noxious mechanical stimuli and temperature. Importantly,
these classes can also include neurons that respond to low thresholds, such as the Aδ
low threshold mechanoreceptors (Aδ-LTMRs), and C-LTMRs, which respond to gentle
stimuli, like hair follicle deflection (Abraira and Ginty, 2013). The Aδ nociceptors mediate
acute, “fast” pain that is well-localized, while C nociceptors convey a slower pain that is
not well-localized (Basbaum et al., 2009). Cutaneous LTMRs can be further classified by
their adaptation properties in response to sustained stimulation. Rapidly adapting (RA)
mechanoreceptors fire at the onset of mechanical stimulation, and sometimes at the
offset of a stimulus, but do not sustain firing during prolonged stimuli. RA-LTMRs best
respond to skin movement, hair follicle deflection, and vibration (Abraira and Ginty,
2013). Slowly adapting (SA) mechanoreceptors fire at the onset of stimulation, and
continue firing for the duration of the stimulus. This type responds best to skin
indentation and stretch (Abraira and Ginty, 2013). Finally, intermediate adapting (IA)
mechanoreceptors are those that fire at the onset of stimulation and can fire at a
moderate rate for the duration of the stimulus compared to SA-LTMRs (Willis, Jr. and
Coggeshall, 2004).
Each subtype can also be characterized by distinct molecular profiles. The Aβ
RA-LTMRs are found to express RET and MafA/c-Maf (Bourane et al., 2009; Luo et al.,
2009; Wende et al., 2012), which can be subclassified into three different groups:
RET+/MafA+, RET+/MafA+/TRKC+; and RET+/MafA+/TRKB+/SHOX2+. On the other
hand, Αβ SA-LTMRs and Αδ-LTMRs are RET-negative, defined instead by the
expression of TRKB+/SHOX2+ expression. RET-negative neurons that are
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TRKC+/RUNX3+/parvalbumin+ (PV+) are generally proprioceptive. C-LTMRs are
defined by expression of RET+/VGLUT3+/tyrosine hydroxylase+ (TH+) (Koch et al.,
2018). Nociceptive C and Aδ-types are defined by their early TRKA or RET expression.
Those that are peptidergic express calcitonin gene-related peptide (CGRP) or substance
P (Perry and Lawson, 1998; Ribeiro-da-silva et al., 1989). Nonpeptidergic nociceptors
are characterized by the ability to bind isolectin-B4 (IB4) and the expression of various
Mas-related G protein-coupled receptors (MRGPRs) (Dong et al., 2001).
1.3.2 Central and peripheral anatomy
In addition to physical and electrophysiological properties, cutaneous sensory neurons
can be further classified by their unique end organs located at the skin. These
specialized structures can dictate the tuning properties and optimal stimuli of the
associated neurons. In mammals, non-hairy, or “glaborous,” skin contains a few different
low-threshold encapsulated receptors called Meissner corpuscles, Ruffini endings,
Pacinian corpuscles, and Merkel’s discs (Abraira and Ginty, 2013). Most of these organs
are found in the dermis, whereas Pacinian corpuscles can be found in subcutaneous
tissue in primates, or muscles and organs in mice (Fleming and Luo, 2013; Willis, Jr. and
Coggeshall, 2004). In mammalian hairy skin, unencapsulated low-threshold receptors
surround hair follicles, such as the Merkel cells, longitudinal and circumferential
lanceolate endings (Abraira and Ginty, 2013). Both glabrous and hairy skin also contain
high-threshold free nerve endings that terminate in the epidermis and dermis (Willis, Jr.
and Coggeshall, 2004).
The central afferents of sensory neurons project into the dorsal horn of the spinal
cord in functionally organized laminae. Innocuous touch-sensing LTMR afferents, largely
the Aβ fibers, innervate laminae IIi (inner) to IV (Abraira and Ginty, 2013). In contrast,
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nociceptors and high-threshold mechanoreceptors, largely C- and Aδ-fibers, innervate
laminae I to IIo (outer). Aδ-fibers also innervate lamina V. These neurons are often
polymodal, able to detect chemical, thermal, and mechanical pain, as well as itch
(Basbaum et al., 2009). Peptidergic C-afferents project into lamina I and IIo, while the
nonpeptidergic subset stratifies in lamina II with little overlap to the former. The central
branches form synapses on first order interneurons within their respective laminae.
These interneurons play a critical part in the processing and tuning of sensory
responses. The role of these interneurons, discussed briefly earlier, will be further
discussed in subsequent sections.
Some sensory neurons, namely the Aβ-LTMRs, also project an ascending axon to
directly synapse onto the dorsal column nuclei (DCN) in the brainstem. These ascending
afferents form a pathway in the dorsal column called the direct dorsal column (DDC),
shared by proprioceptors. In addition, all LTMRs project collateral branches that synapse
in the so-called “recipient zone” of the dorsal horn, and many of these interneurons form
a prominent ascending pathway called the post-synaptic dorsal column (PSDC)
(Rustioni and Kaufman, 1977). Together, these direct and indirect pathways suggest
different purposes for direct relay of touch information to the brainstem versus response
tuning through indirect communication via the dorsal horn interneurons (Abraira et al.,
2017).

1.4 Spinal cord sensory processing
Spinal circuits serve the vital purpose of processing incoming somatosensory
information and integrating it with different afferent modalities as well as descending
inputs. While the laminar spinal location of each interneuron type is highly indicative of
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the primary modalities it receives, many studies have shown that these interneurons
actually receive a high convergence of different sources of information.
1.4.1 Spinal cord processing of touch
In processing of tactile information, first order interneurons in laminae IIi-IV receive
afferents from LTMRs. Interneurons in the deep dorsal horn layers are heterogeneous,
including both excitatory and inhibitory populations. As a result, genetic access to
specific populations has been complicated.
Recently, two studies have exhaustively examined combinatorial expression of
TFs and other molecular markers (Abraira et al., 2017; Del Barrio et al., 2012). The first
study found 9 different populations of spinal interneurons based on their expression of
TFs postnatally (Del Barrio et al., 2012). These included 4 excitatory subgroups, based
on LMX1B expression, and 5 inhibitory subgroups, based on PAX2, GBX1, or GAD67
expression. The interneurons varied in size and morphology based on their location.
They found in laminae III-IV that cells were rounded, elongated, and spindle shaped.
Lamina V contained large cell bodies, and was lower in cell density. In the substantia
gelatinosa, or lamina II, small cells with short axons were known as “central” or “Golgi
type II”, and large cells with round cell bodies were called “stalked cells” and “islet cells”.
These morphological differences could suggest a diversity in the functions that they
serve in spinal processing. The second study identified 7 different excitatory and 4
inhibitory interneurons in the LTMR recipient zone based on TF and molecular marker
expression (Abraira et al., 2017). Each population seemed to have unique morphology
and physiological characteristics. They found that each LTMR formed synapses with
between 4 to 11 different interneuron types, and in turn, each interneuron received
afferents from 1 to 3 LTMR types. Additionally, interneurons received inputs from other
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spinal interneurons, other primary sensory modalities, and descending corticospinal
contributions. In other words, these populations are a site of massive convergence and
information integration.
From these two studies, it is apparent that single molecular markers are not
sufficient to isolate specific interneuron types. In addition, we find that touch information
processing is undeniably more complex than simply direct transmission to the brain.
While the sheer diversity of the spinal interneurons has made targeted interrogation
difficult, some insight has been gained with a study on the RORα+ interneurons in
laminae IIi-III (Bourane et al., 2015b). These cells receive afferents from Meissner
corpuscles, Ruffini corpuscles, Merkel cells, D-hair afferents, and Aβ/Aδ inputs with
lanceolate endings, which sometimes receive indirect activation from C-fibers.
Elimination of the RORα+ cells resulted in deficits in dynamic and static light touch, and
cutaneous feedback-dependent corrective foot movement, with no deficits in pain,
thermosensation, itch, or gross locomotion. Thus, these neurons perform an important
integrative function for tactile information and descending motor control that allow for
compensatory changes in movement when walking over irregular surfaces.
1.4.2 Spinal cord processing of pain
Laminae I-II interneurons receive the majority of Aδ- and C-afferents transmitting
mechanical and thermal nociceptive information. Excitatory and inhibitory neurons
together process nociceptive information before transmission to the brain in order to
modulate spinal sensitivity to stimuli. Lamina I projection neurons relay this processed
information to supraspinal regions and to motor circuits to activate reflexive movements
(Todd, 2010). Some deep dorsal horn (lamina V) interneurons also receive nociceptive
inputs through polysynaptic local interneurons. So-called “wide dynamic range” (WDR)
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interneurons in this lamina receive converging inputs from both innocuous and noxious
stimuli conveyed by monosynaptic Aβ-/Aδ-fibers and polysynaptic C-fibers, and thus
respond to a wide range of stimulus intensities (Basbaum et al., 2009). Some WDR cells
may also receive visceral inputs, which is suggested to underlie the phenomenon of
“referred pain” where patients experience localized pain in an extremity as a result of an
internal condition. Laminae I and V are the major outputs from the spinal dorsal horn to
the brain, ascending through two major tracts: the spinothalamic tract and the
spinoreticulothalamic tract (Basbaum et al., 2009). These tracts are thought to convey
localized and poorly localized pain, respectively.
Interneurons in the superficial laminae were initially characterized by their cell
morphology, classified as islet, central, radial, and vertical cells (Grudt and Perl, 2002;
Light et al., 1979). However, while some of these cells did exhibit unique firing patterns
and behavior, these designations ultimately were not sufficiently specific. Some genetic
markers were identified more recently, allowing access to selected subtypes. SOM+
interneurons in the superficial laminae were found to receive monosynaptic inputs from
Aδ- and C-fibers transmitting acute mechanical pain, while also receiving direct Aβinputs (Christensen et al., 2016; Duan et al., 2014). Another population of SOM+
neurons was also identified in the deeper laminae IIi-III, which receive polysynaptic Aβ
inputs via inhibitory local interneurons. Together these two pathways provide “direct” and
“indirect” transmission to pain projection neurons, while being modulated by DYN+
inhibitory neurons within lamina II. Ablation of the SOM+ neurons induced mechanical
and thermal hypersensitivity and a deficit in light touch sensitivity. On the other hand,
activation of SOM+ neurons led to spontaneous pain and lowered mechanical
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thresholds. These results suggest that this ensemble of interneurons play a role in
transmitting and mediating mechanical pain.
Overlapping with the SOM+ population, VGLUT3+ and calretinin+ (CR+)
interneurons in laminae I-II are a diverse array of mostly excitatory (85%) interneurons
(Smith et al., 2015). Ablation of CR+ neurons disrupted the mechanical threshold and
latency to heat withdrawal with no change in light touch sensitivity, suggesting that they
also play a role in intensifying pain (Duan et al., 2014). Similar to the findings of Duan et
al. on CR+ neurons, another group found that ablation of VGLUT3+/LBX1+ interneurons
in laminae II-III resulted in a loss of mechanical hypersensitivity. Using
electrophysiological recordings, they found that VGLUT3+/LBX1+ neurons in lamina I
receive polysynaptic afferents from Aβ mechanoreceptors. Ventrally positioned
VGLUT3+ interneurons also receive Aβ-LTMR inputs, a subset of which are also SOM+
and overlap with the CR+ population. These neurons are responsible for mechanical
sensitivity.
Recently, a study identified gastrin-releasing peptide (GRP) expressing
interneurons, which are typically associated with itch transmission, as potentially having
a role in modulating pain polymodally (Sun et al., 2017). The GRP+ interneurons were
shown to receive nociceptive inputs and to respond to activation of nociceptors.
Similarly, activation of these neurons elicited both pain and itch responses. The
proposed “leaky gate model” suggests that intensity of stimulation is able to reduce or
increase pain transmission in opposition to itch transmission. This polymodal function
could suggest that other populations could have similar functions for encoding different
modalities.
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CHAPTER 2: Roof plate-derived radial glial-like cells support developmental
growth of rapidly adapting mechanoreceptor ascending axons
2.1 Abstract
Spinal cord longitudinal axons comprise some of the longest axons in our body.
However, mechanisms that drive this extra long-distance axonal growth are largely
unclear. We found that ascending axons of rapidly adapting (RA) mechanoreceptors
closely abut a previously undescribed population of roof plate-derived radial glial-like
cells (RGLCs) in the spinal cord dorsal column, which form a network of processes
enriched with growth-promoting factors. In dreher mutant mice that lack RGLCs, the
lengths of ascending RA mechanoreceptor axon branches are specifically reduced,
whereas their descending and collateral branches, and other dorsal column and sensory
pathways, are largely unaffected. Because the number and intrinsic growth ability of RA
mechanoreceptors are normal in dreher mice, our data suggest that RGLCs provide
critical non-cell autonomous growth support for the ascending axons of RA
mechanoreceptors. Together, our work identifies a developmental mechanism
specifically required for long-range spinal cord longitudinal axons.
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2.2 Introduction
The spinal cord bridges the periphery and brain through ascending pathways that
convey sensory input and descending pathways that control motor output. During
development of the vertebrate nervous system, these longitudinal axons project over
considerable distances and, in some cases, span nearly the entire length of the spinal
cord. After development, however, these axons rarely regenerate upon spinal cord injury
or axon degeneration, leading to serious sensory and motor dysfunction. At present,
there has been little success in promoting regrowth of mammalian spinal cord
longitudinal axons. Therefore, understanding the mechanisms underlying longitudinal
axon growth during development is critical, with the hope of ultimately developing better
therapeutic strategies for promoting axon regeneration after spinal cord injury.
Morphogen signaling gradients have previously been shown to play an important
role for the pathfinding along the anterior-posterior axis of the spinal cord and local
growth of several types of spinal cord axons during development. In mice, postcommissural axons are guided rostrally through Fz3-mediated attraction to a rostral
Wnt4 gradient (Lyuksyutova et al., 2003), and repulsion from a caudal Shh gradient
(Yam et al., 2012). In chick, this turning is attributed to a rostral Wnt5a/7a
chemoattractant activity gradient, as well as a Hip-mediated chemorepulsive Shh
gradient (Bourikas et al., 2005). Moreover, a descending Wnt gradient in the mouse
dorsal spinal cord has been proposed to repel corticospinal tract (CST) axons in their
descent during development (Liu et al., 2005). These studies highlight the axon
guidance function and local growth support of morphogen gradients, but less work has
specifically examined the development mechanisms underlying axon growth support
across long distances, particularly for axons that must span the entire spinal cord.
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One of these major long-distance projecting axon bundles in the spinal cord is
the mammalian dorsal column funiculus. The dorsal column contains two ipsilaterally
ascending pathways, the direct dorsal column (DDC) and post-synaptic dorsal column
(PSDC) pathways, which comprise the axons of primary somatosensory dorsal root
ganglion (DRG) neurons and dorsal horn spinal cord neurons, respectively (Figure 1A).
These two ascending pathways transmit light touch, body position, and other
somatosensory information to the brain stem. In the rodent spinal cord, the corticospinal
tract (CST) also descends in the most ventral part of the dorsal column (Figure 1A).
We previously characterized the functional organization of the DDC pathway (Niu
et al., 2013), which contains the ascending axons of Aβ mechanoreceptors and
proprioceptors. We showed that ascending axons of Aβ rapidly-adapting (RA)
mechanoreceptors and proprioceptors are largely segregated. RA mechanoreceptive
axons, which span the entire length of the spinal cord and innervate the medulla, ascend
medially. In contrast, proprioceptive axons, which only span a few spinal cord segments,
ascend laterally. Furthermore, a somatotopic organization exists within each modality,
with the most caudal-originating axons projecting closest to the midline. As a result, the
longest dorsal column axons are closest to the dorsal midline (Figure 1B). This
functional organization suggests that some mechanism takes place at the midline to
promote/maintain extra long-distance axonal growth so that ascending axons of caudal
RA mechanoreceptors can reach their distant targets in the brain.
Here, we show that during development the roof plate of the spinal cord gives
rise to a population of radial glial-like cells (RGLCs) in the dorsal column midline. These
RGLCs are enriched for axon growth-promoting factors and form a network of processes
that closely appose the growing ascending axons of RA mechanoreceptors during
development. Our RNA sequencing analysis identified several growth-promoting factors
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expressed by RGLCs, suggesting a potential mechanism by which growth support is
sustained throughout the spinal cord. Interestingly, dreher mutant mice, which lack
RGLCs, display a specific impairment in the long-distance projecting ascending axon
branches of caudal RA mechanoreceptors, while their descending axon branches and
spinal cord innervating collaterals, as well as other types of dorsal column and sensory
axons, are unaffected. Moreover, the number and intrinsic growth ability of RA
mechanoreceptors are normal in dreher mutants. Taken together, our results reveal an
important cellular mechanism in which roof plate-derived RGLCs form a scaffold and
potential source of growth factors that support and/or maintain extra long-distance
growth of spinal cord longitudinal axons.

2.3 Results
Development of Ascending and Descending Dorsal Column Pathways
To investigate the possible mechanisms underlying the long-distance trajectories of
dorsal column axons in the spinal cord, we first characterized the normal developmental
process of the dorsal column funiculus. To visualize the dorsal column pathways, we
performed immunohistochemistry in Gsx1Cre mice for neurofilament heavy chain (NFH),
which labels DDC axons. The Gsx1Cre allele (Cui et al., 2016) allowed us to genetically
label most dorsal spinal cord neurons, including PSDC neurons, with a neuron-specific
TaumGFP reporter allele by inducing expression of myristoylated green fluorescent protein
(mGFP) upon Cre recombination. The DDC and PSDC axons fasciculated around E13.5
(Figure 1C), eventually forming the presumptive dorsal column at E14.5 (Figure 1D). By
P0, the dorsal column was fully formed (Figure 1E), at which point the DDC fibers have
completed their ascent to their final targets in the dorsal column nuclei (Wessels et al.,
1991). We observed a clear laminar segregation between the dorsally positioned DDC
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axons and the ventrally positioned PSDC axons in the dorsal column throughout
development (Figures 1C-E), which was consistent with a previous study using a
different mouse line, EphA4AP, to label PSDC axons (Paixão et al., 2013). Next, we used
Emx1Cre; TaumGFP mice to genetically trace CST descending axons. In agreement with
previous reports (Liu et al., 2005), we found that the CST developed postnatally,
descending around P1 and reaching the lumbar level around P7 (Figures 2A-D”).
Altogether, our results reveal that the ascending (DDC and PSDC) and descending
(CST) dorsal column pathways develop in non-overlapping time windows (Figure 1F),
suggesting their developmental growth is likely mediated by distinct mechanisms.

Dorsal Midline Cells Display Radial Glial Characteristics
From our developmental analyses, we noticed a visible separation maintained between
the left and right sides of the primitive dorsal column throughout development (Figures
1C-E). To gain insight into this midline composition, we performed transmission electron
microscopy (TEM) with mouse spinal cord transverse sections at E15.5, a time point
when dorsal column axons are rapidly growing. The midline sulcus was readily
identifiable as a distinct furrow in the spinal cord tissue, bordered by dark electron-dense
meningeal cells (Figure 1G). A series of radially oriented, electron-lucent fibers were
observed at the midline in transverse plane. In contrast, the developing axons of the
dorsal column, which were very close to the midline fibers, had much smaller
diameters—ranging from approximately 0.2 to 1.25 µm—and contained visible
microtubules (Figures 1G-G”). In addition, the midline fibers displayed elongated and
irregular profiles while axons had circular transverse profiles, suggesting that the midline
fibers ran radially and perpendicularly to the growing dorsal column axons. Examinations
in more ventral regions of the dorsal midline also revealed cell bodies of the midline
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fibers, containing large nuclei (Figure 1G). Dorsal terminations of the radial processes
expanded into end-feet with visible glycogen granules in some processes at the pial
surface (Figures 2E-G). These traits—low electron density, paucity of microtubules,
presence of glycogen granules and end-feet terminals—are consistent with previously
described characteristics of radial glia (Gorgels, 1991; Henrikson and Vaughn, 1974).
Together, our analysis reveals the existence of dorsal column midline cells, which form
processes perpendicular to the growing axons, and suggests that these midline cells
could have radial glia identity.

RNA Sequencing of Isolated Dorsal Midline Cells and RA Mechanoreceptors
Next, we performed hematoxylin and eosin staining and found a number of nuclei
residing in the dorsal column midline at E14.5. To reveal the identity of the dorsal midline
cells and uncover possible molecular midline cell-axon interactions, we isolated dorsal
column midline cells at E14.5 using hematoxylin staining and laser capture
microdissection (LCM) (Figure 3A). For transcript comparison, RA mechanoreceptors
were genetically labeled using a RetCreERT2; RosaTdt mouse (Ret-Tdt) (Fleming et al.,
2015; Luo et al., 2009) and purified by fluorescently activated cell sorting (FACS) of the
DRG (Figure 3B). Principal component analysis (PCA) of relative fold change across all
samples revealed two distinct clusters, which comprised the three biological replicates of
LCM cells and RA mechanoreceptors, respectively (Figure 3C). Hierarchical clustering of
relative gene expression between LCM cells and RA mechanoreceptors also confirmed
distinct segregated patterns between the two cell types, revealing large groups of
transcripts specifically enriched in each population (Figure 3D). Profile comparisons
through volcano plot analysis showed a large distribution of genes with over 5-fold
differential expression between LCM and Ret-Tdt replicates (FDR <0.05) (Figure 3E).
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Notably, relative transcript levels of known markers specific for neurons and RA
mechanoreceptors (such as Gfra2, Ret, P2rx3) were highly enriched in Ret-Tdt
replicates, while radial glial cell-specific markers (such as Pax6, Sox2, Gli3, Nestin) were
enriched in LCM replicates (Figure 3F). Through Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis, we identified multiple molecular pathways enriched in the
dorsal midline cells (Figures 2H-I), some of which are highly related to axon growth,
including ECM-receptor interactions, axon guidance and adhesion molecules, and
growth factors.
To further show that some of these factors can function in promoting RA
mechanoreceptor axon growth, we ranked the normalized read counts of the LCM
transcripts, and identified the top surface-expressed or secreted growth factors (Figure
4A). With these criteria, three candidate growth factor genes—insulin-like growth factor 1
(Igf1), insulin-like growth factor 2 (Igf2), and pleiotrophin (Ptn)—were selected and their
expression at the dorsal column midline were validated with in situ hybridization at E14.5
(Figures 4B-E and 4B’-E’). We then cultured dissociated DRG from E16 rat embryos, a
developmental stage equivalent to E14.5 mouse embryos, and supplemented media
with neurturin (NRTN), the ligand for the RET receptor expressed in RA
mechanoreceptors (Luo et al., 2009), to specifically enrich this population of DRG
neurons, and then added the growth factors individually or in combination (Figure 5). We
found that IGF1, but not IGF2 or PTN, robustly increased axonal growth of RA
mechanoreceptors. Combining IGF1, IGF2, and PTN did not increase axon growth
beyond that seen with IGF1 alone (Figures 5F). Our results suggest that the dorsal
column midline cells could support axon growth of RA mechanoreceptors through
secreted growth factors.
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Dorsal Midline Cells Originate from the Roof Plate
The RNA sequencing analyses identified a number of molecular markers for the dorsal
column midline cells. Among these markers, the transcription factor ZIC2 strongly
labeled nuclei of the dorsal column midline cells, in addition to some dorsal spinal cord
neurons (Escalante et al., 2013), during the dorsal column developmental time window
(Figures 6A-B and 6A’-B’). At E13.5, ZIC2+ cells occupied the medial dorsal area
between both sides of the DDC and PSDC axon fascicles throughout the spinal cord
(Figures 6A-A’). Around E14.5, the ZIC2+ cells began to elongate, migrating ventrally
towards the central canal (Figure 6B-B’) to form a thin septum between the left and right
sides of the dorsal spinal cord around E15.5 (Figures 6D-D’). By P0, ZIC2 was no longer
strongly detected at the dorsal midline (Figures 6C-C’), suggesting that the midline cells
either disappeared or downregulated ZIC2 by the time the ascending dorsal column
axons arrived at the dorsal column nuclei. In line with the RNA sequencing results, we
also confirmed Nestin expression, a radial glial progenitor marker, by in situ hybridization
(Figures 4E-E’) and immunostaining in dorsal midline cells by E14.5 and E15.5 (Figures
6E-E’), and BLBP, a glia-specific marker (Figure 6F-F’). These results further support the
radial glial identity of the dorsal column midline cells. Postnatally, NESTIN, BLBP, as
well as NCAM were robustly detected at the dorsal column midline as well (Figures 4 F
and 6G).
Next, we sought to examine the developmental origin of the midline cells. Since
ZIC2 and NESTIN are both expressed in meningeal cells (Figures 6A-E), we first
determined whether the midline cells were derived from the meninges with
immunostaining. While PGD2 synthase, a meningeal cell specific marker, was
expressed in the meninges as expected, it was not expressed by the ZIC2+ dorsal
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column midline cells (Figures 6D-D’), suggesting that dorsal column midline cells are not
derived from the meninges.
Given the importance and anatomical position of the roof plate during
development, we next tested the possibility whether the ZIC2+ dorsal midline cells might
be derived from the roof plate. Using a roof plate-specific Cre transgenic mouse line,
Lmx1aCre (Chizhikov et al., 2010), we genetically labeled roof plate-lineage cells with a
Rosa26Tdt reporter line. We found that Tdt-labeled roof plate cells co-localized with ZIC2
expression in the dorsal medial spinal cord at E13.5 (Figures 7A-A’). Although ZIC2
expression was later downregulated at E16.5 and E17.5, the Tdt+ cells continued to
reside in the dorsal midline throughout the remaining embryonic and postnatal
development (Figures 4H-I’, and 7B-C’), providing a separation between the left and
right dorsal column axons (Figures 7D-D’). Furthermore, meningeal marker ZO-1 did not
colocalize with the roof plate-lineage midline cells (Figure 4G). The Tdt-labeled midline
cells also expressed radial glial markers NESTIN (Figure 7E-F) and BLBP (Figures 7E’F’) as early as E14.5.
To gain additional insight into midline cell morphologies, we examined
longitudinal spinal cord sections along the spinal cord midline. During dorsal column
development, the somas of the roof plate-derived cells descended from the dorsal
midline toward the central canal. The midline cells developed a bipolar morphology, with
a basal process anchored in the central canal and apical processes attached to the pia
(Figures 7G-G’). Single cell reconstruction at E14.5 revealed that the Tdt+ cells exhibited
classic radial glial morphology at this stage (Figures 7H-H”). By E15.5, their radial
processes were fully extended. At P3, we sparsely labeled the Tdt+ cells with a small
amount of DiO to reveal morphologies of individual cells. The apical processes of
DiO+/Tdt+ processes branched and formed a network running parallel to the dorsal
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column axons, in close apposition with the two sides of the dorsal column fascicle
(Figures 7I-K). These midline cells persisted at the dorsal column midline at 3 weeks, at
which point they appeared to become quiescent, ependymal-like cells lining the central
canal (Figures 4H-I’). Collectively, our results reveal that these dorsal column midline
cells are derived from roof plate cells to form a septum that separates the left and right
dorsal spinal cord. These cells retain both morphological and molecular traits of radial
glia, so we hereafter call them dorsal column radial glial-like cells (RGLCs).

Roof Plate-deficient Dreher Mice Fail to Generate RGLCs
The close proximity of RGLCs to developing DDC and PSDC ascending axons and their
expression of a variety of growth factors and axon guidance molecules during
development made them an attractive candidate for supporting the long-distance growth
of dorsal column axons. To test this hypothesis, we utilized mouse lines carrying dreher
(dr) alleles that harbor spontaneous null mutations of the Lmx1a gene (Bergstrom et al.,
1999), either through point mutation (drJ) or deletion (dr6J) (Chizhikov et al., 2006a;
Millonig et al., 2000). Subsequently, these mice display deficits with cells derived from
the roof plate (Millonig et al., 2000). One of these alleles, the dr6J allele, is known to carry
a loss-of-function deletion of the Lmx1a gene spanning exons 4 through 8, but the
precise loci of the deletion site and whether it would disrupt neighboring downstream
genes were not known (Figure 8A). Our mapping revealed that the deletion segment
started ~2250bp upstream of exon 4 and ended ~3930bp downstream of exon 8 of the
Lmx1a gene, without disrupting other flanking genes (Figures 8B-C). This result
indicates that the dr6J allele is a pure null mutation for Lmx1a.
To verify that the RGLCs were absent in the dreher mutant mice, we stained for
ZIC2, NESTIN, and BLBP, which we established as markers for the RGLCs. Not only
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were the number of ZIC2+ midline cells greatly reduced in the dr6J/dr6J mutant dorsal
column (Figures 9A-B), but all radial glial markers were completely absent in the dorsal
column midline when compared to controls (Figures 9C-D). Since the absence of marker
expression could be caused by either a loss of the midline cells or changes of gene
expression, we genetically labeled RGLCs in dreher mutant mice using Lmx1aCre with a
LacZ reporter and the drJ mutant allele. The Lmx1aCre BAC transgene was fused with
GFP, which was detectable using a GFP antibody (Figures 9E-F, white arrow heads). In
wild-type embryonic spinal cord, we observed LacZ-labeled Lmx1a-lineage cells in the
dorsal midline, neural crest-lineage cells (including the dorsal root ganglia), and
scattered dorsal interneurons within the spinal cord (Figures 9G and 9I). In drJ/drJ mutant
spinal cord, we saw specific deletion of the LacZ+ dorsal midline cells, despite grossly
normal positioning of LacZ+ Lmx1a-lineage dorsal spinal cord interneurons (Figures 9H
and 9J). The same was true for postnatal stages examined at P7 and P21 (Figures 9KN). Quantification of LacZ+ cells in the ependymal layer of the central canal at P21
(Figures 9M’-N’) revealed no LacZ-labeled cells in the mutants (Figure 9O). Taken
together, we concluded that RGLCs are absent in the dreher mice, and we subsequently
used these animals as a model to examine RGLC-deficient conditions in vivo.

Dreher Mutant Mice Have Grossly Normal Dorsal Spinal Cord Integrity
The roof plate plays a substantive role during early development to dorsalize the neural
tissue and generate dI1 interneurons (Augsburger et al., 1999; Lee et al., 2000; Liem et
al., 1997; Millen et al., 2004). One concern with dreher mutant mice is whether dorsal
spinal cord interneurons are massively altered in the absence of a functional roof plate.
A recent study showed through genetic tracing that mature dI1 neurons reside in the
intermediate spinal cord (Yuengert et al., 2015). Our own genetic tracing of Lmx1a27

lineage cells revealed a population of labeled interneurons at the same region of the
control and drJ/drJ spinal cord (Figures 9E-N, open arrows), suggesting that at least
some dI1 neurons are generated and migrate to their mature locations in the dreher
mutant mice. Interestingly, other early-born dorsal populations such as dI2 (marked by
Lhx1/5+/Pax2-) and dI3 (marked by Isl1+) (Helms and Johnson, 2003), and late-born
dorsal populations dILA and dILB neurons, which respectively express Pax2+ and
Lmx1b+ (Mizuguchi et al., 2006), are generated in normal numbers in drJ/drJ mutant mice
(Figures 10A-H and 10S-T). Together, these data demonstrate that many dorsal spinal
interneurons are still generated and develop quite normally in the absence of Lmx1a.
To further demonstrate that the distribution of mature spinal cord interneuron
types is roughly normal in dreher mutants, we performed in situ hybridization with RNA
probes for excitatory (Vglut2) and inhibitory (Glyt2, Gad1/2, Vgat) neuronal markers in
control and dr6J/dr6J littermates at P0-P1 (Figures 4D-K and 4D’-K’). The distribution of
excitatory and inhibitory neuronal populations appeared grossly undisturbed in the
dr6J/dr6J mutant dorsal spinal cord, despite a size reduction of the lumbar segment for
this specific mutant allele (drJ/drJ mice have normal spinal cord size (Figure 9)). In
addition, we examined the central innervation of DRG primary afferents using IB4,
CGRP, and VGLUT1 antibodies (Figures 10I-N) with adult control and dr6J/dr6J mutant
lumbar sections. We found that DRG primary afferents innervated the proper spinal cord
laminae with comparable signal intensity (Figure 10U) between genotypes, suggesting
that mutant spinal cords still retained enough integrity and appropriate axon guidance
cues for the sensory central terminals to grow and innervate the right spinal cord layers.

Dreher Mutant Mice Display a Specific Deficit in RA Mechanoreceptor Ascending
Axons
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We next examined dorsal column development in the absence of RGLCs using the
dreher mutant mice. Notably, within the DDC pathway, the volume of middle Ret or Nfh
positive but Parvalbumin (PV) negative RA mechanoreceptive axons was dramatically
decreased in both dr6J/dr6J and drJ/drJ mutant mice compared to their control littermates
(Figures 11A-C and 11E-G). This dorsal column phenotype became apparent by E15.5
by the time the dorsal column axons ascend in the dorsal funiculus (Figures 10Q-R), but
not earlier at E13.5 when axons have not yet innervated the presumptive dorsal column
(Figures O-P). In contrast, the volume of PV+ proprioceptor axons, the shorter and more
laterally located dorsal column axons, did not exhibit obvious differences in the both
dr6J/dr6J and drJ/drJ mutants (Figures 11A-B, 11D-F, and 11H). Moreover, we also did not
observe any gross differences in the other dorsal column pathways, the CST (detected
by PKCγ immunostaining) (Figures 11I-J and 11I’-J’) and PSDC axons (genetically
labeled in Gsx1Cre; TaumGFP mice) (Figures 11K-L) between dr6J/dr6J mutants and control
littermates (Figures 11M). Thus, the dorsal column deficit is very specific to the RA
mechanoreceptor axons of the DDC pathway.
To determine whether the reduction in RA mechanoreceptor volume under
mutant conditions might be due to a developmental delay, we next examined dorsal
column sections from adult control and mutant mice. Using semi-thin sections stained
with toluidine blue to visualize axon cross-section profiles within the dorsal column, we
found that the volume of the gracile fasciculus, which mainly contains the ascending
axons of RA mechanoreceptors (Niu et al., 2013), was greatly reduced in mutant mice
compared to controls (Figures 11N-O). High resolution images (Figures 11N´-O´)
showed that axon diameters were comparable between mutants and controls. However,
the number of axons within the gracile fasciculus, quantified using a customized
MATLAB program to automatically identify and count axon profiles (Niu et al., 2013),
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revealed a significant reduction of gracile fasciculus axon profiles by ~50% in the
dr6J/dr6J mutant mice compared to controls (Figures 11P). These observations suggest a
severe loss of RA mechanosensory ascending axons in dreher mutant mice, which does
not recover at later stages.

RA Mechanoreceptors in Dreher Mutants Are Generated Normally and Have No
Intrinsic Deficits
Two possibilities can potentially explain the decreased volume of the gracile fasciculus
and RA mechanoreceptor axon numbers in the dreher mutant dorsal column: 1) The
dreher mutants experience perturbed neurogenesis or increased cell death of RA
mechanoreceptors, or 2) the ascending axons of RA mechanoreceptors are shorter,
resulting in fewer axon profiles within cross sections of the fascicles. To test the first
possibility, we performed whole-mount DRG preparation and immunohistochemistry for
RET+ RA mechanoreceptors, which were identified as RET+/NFH+/PV- (Luo et al., 2009),
and quantified their number from control and dr6J/dr6J mutants (Figures 12A-B). Both the
absolute number of RA mechanoreceptors and the proportion of RA mechanoreceptors
to all large diameter NFH+ neurons were comparable between dr6J/dr6J mutants and
control littermates (Figures 12C-D). This result indicates that both neurogenesis and
survival of RA mechanoreceptors in the DRGs is largely unaffected in the dr6J/dr6J
mutants.
To verify that any phenotypic deficit in axon length of RA mechanoreceptors was
not due to a reduction in intrinsic growth ability, we dissociated DRG neurons from E14.5
control and mutant mouse embryos and grew the cells in vitro for 24 hours, to reach the
equivalent of E15.5 developmental stage in vivo, at which time the dorsal column
phenotype emerges in dreher mutants. We enriched RA mechanoreceptors in the
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dissociated DRG culture by adding only NRTN in the culture medium and identified
mechanoreceptors in culture using RET and neurofilament medium chain (NFM)
antibody co-staining (Figures 12E-E” and 12F-F”). We then quantified computer tracings
of the NFM+ processes to evaluate the outgrowth of RA mechanoreceptors from both
dr6J/dr6J and control littermates (Figures 12G-H) using three criteria: longest neurite
length, total neurite outgrowth, and branching complexity. We found no significant
differences in cultured RA mechanoreceptors from either the mutants or the controls
(Figures 12I-K). These results suggest that intrinsic growth capacity of RA
mechanoreceptors is normal in dreher mutants.

Ascending Branches of Caudal RA Mechanoreceptors Are Dramatically Shortened
in Dreher Mutant Mice
Given that the RA mechanoreceptor cell number and intrinsic growth ability were normal
in dr6J/dr6J mutant mice, we hypothesized that the ascending axons of RA
mechanoreceptors must be shorter due to an extrinsic deficit, most likely due to the lack
of RGLCs. To test this idea, we took advantage of a sparse genetic labeling approach
we previously developed (Niu et al., 2013), using a RetCreERT2; Rosa26iAP allele and
alkaline phosphatase color reaction to visualize individual RA mechanoreceptors in
whole mount spinal cord. Consistent with what was previously described, nearly all RA
mechanoreceptor ascending axons from each spinal level reached the medulla under
normal conditions. In contrast, under mutant conditions the ascending axons of many RA
mechanoreceptors terminated prematurely within the dorsal column. A representative
example (Figure 13A) shows one mechanoreceptor axon originating from a lumbar (L) 4
DRG, which bifurcates upon entry into the dorsal horn and gives rise to normal third
order collaterals as it projects along the lateral dorsal spinal cord (Figure 13B). In this
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example, the ascending axon projects rostrally, but stops prematurely at thoracic (T) 7
(Figure 13C). In total, we quantified the central projections of AP-labeled RA
mechanoreceptors from 12 dr6J/dr6J; RetCreERT2; Rosa26iAP mutants (84 neurons total)
and 10 control animals (60 neurons total). About half of the ascending RA
mechanoreceptive axons in the dr6J/dr6J mutants failed to reach the medulla by 3 weeks
of age (Figure 13D-E and 13G). This deficit was especially prominent in axons
originating from DRGs at sacral, lumbar, and caudal thoracic levels below T7 (Figure
13F). In contrast, the descending axons of the traced RA mechanoreceptors and the
third-order collaterals innervating the dorsal spinal cord showed no significant deficit in
the dr6J/dr6J mutants (Figures 10I-N, 10U, and 13H). These results clearly reveal that
growth of the longest projecting dorsal column axons, i.e. those from the caudal RA
mechanoreceptors, is specifically affected in dr6J/dr6J mutant mice, while other shorter
axon branches of those same neurons are not affected. Given that the intrinsic growth
capacity of RA mechanoreceptors is largely normal in the dr6J/dr6J mutant mice (Figures
12E-K), our findings indicate that the loss of RGLCs in dreher mutant mice leads to a
non-cell autonomous environmental deficiency that is critical for the growth and/or
maintenance of extra-long spinal cord longitudinal axons.

2.4 Discussion
Spinal cord longitudinal axons convey critical sensory and motor information over great
distances through the body, but little is known about the molecular and cellular
mechanisms that allow them to extend and establish these connections during
development. In this study, we identified a cellular structure formed by the roof platederived RGLCs. These cells express a variety of growth-supportive factors and form a
network of processes closely contacting the longest developing axons within the spinal
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cord dorsal column. We showed that the RGLCs are required for normal long-distance
growth/maintenance of these axons in vivo. Thus, we propose a model in which RGLCs
form a necessary “highway” of processes to provide critical molecular and mechanical
support for extra-long spinal cord longitudinal axons (Figure 14B-E).

Identification and Characterization of RGLCs
During early development of the spinal cord prior to E13.5, the roof plate functions both
as a source of neural progenitors and as a dorsalizing signaling center (Lee and Jessell,
1999). Roof plate ablation through different genetic approaches indicates that this
structure is required for neurogenesis and specification of subsets of some dorsal spinal
cord interneurons (Lee et al., 2000; Millen et al., 2004) (Figure 14A). However, the fate
of roof plate-derived cells after E13.5, and whether there remains a role for them in later
stages of spinal cord development, is largely unclear. By genetically tracing roof plate
cells using Lmx1aCre mice, we show here that roof plate-lineage cells remaining in the
dorsal midline of the spinal cord migrate toward the central canal around E14.5 and
become RGLCs (Figure 14A) during the developmental growth phase of adjacent
ascending dorsal column axons (Figure 7). The apical processes of the RGLCs form a
network and express a number of candidate growth factors to which RA
mechanoreceptors are responsive in vitro (Figures 4 and 5). As discussed below, we
believe that these cells play critical developmental roles in promoting longitudinal axon
growth/maintenance in a non-autonomous manner from E14.5 to neonatal (Figures 14BE). They persist in the dorsal spinal cord midline to form the dorsal median sulcus
postnatally (Figures 4H-I’).
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Function of RGLCs in Supporting Long Distance Axonal Growth is Independent
from Early Developmental Roles of the Roof Plate
The roof plate plays an important role in early spinal cord development (Augsburger et
al., 1999; Chizhikov and Millen, 2004; Lee et al., 2000; Liem et al., 1997; Millen et al.,
2004). While dreher mutant mice display roof plate deficits (Chizhikov and Millen, 2005;
Millonig et al., 2000), the mutants still express some Bmp signaling pathway markers
(Msx1/2 and Wnt), indicating that signaling activity is not fully abolished (Millen et al.,
2004). This residual signaling, combined with existing ectodermal signaling (Dickinson et
al., 1995; Liem et al., 1997; Liem Jr. et al., 1995), may lead to less severe
developmental deficits of dreher mutant spinal cord than the roof plate complete ablation
models. Indeed, we found that expression of mature interneuron markers is grossly
normal in the dreher mutants, and that some dI1 neuronal genesis/migration still occurs,
as shown using genetic tracing at developmental and postnatal stages (Figures 8 and 9).
In addition, other dorsal interneuron precursor types, such as dI2, dI3, dILA, and dILB,
were generated normally in number in the dreher mutants (Figure 10). Moreover,
different types of central terminals of primary sensory neurons grow and innervate the
right dorsal spinal cord layers (Figure 10). Thus, despite the known early developmental
deficits of roof plate lesion, the dreher mutant dorsal spinal cord neurons seem to retain
sufficient integrity and appropriate environmental cues for growth and innervation of
sensory axonal collaterals.
Previous observations also showed that neural crest cells, which share a
common precursor with roof plate cells (Echelard et al., 1994), and their progeny (e.g.
DRG neurons) are normal in dreher mutant mice (Chizhikov and Millen, 2004; Lee et al.,
2000). Consistently, we found that the number and intrinsic growth ability of RA
mechanoreceptors were largely unaffected (Figures 12). Finally, the exclusivity of the
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phenotype to just the ascending axon branch of the caudal RA mechanoreceptors in
dreher mutant mice (Figures 11 and 13) argues against significant non-specific
secondary effect. Any existing secondary effects from early dorsal spinal cord
developmental deficits in the mutants would likely result in deficiencies in all dorsal
column axons, rather than one axon branch of a single neuron population. In particular,
secondary effects would likely heavily impact proprioceptors, which form direct synapses
with dI1 interneurons under normal conditions, or PSDC neurons, whose cell bodies are
within the dorsal spinal cord. However, both proprioceptive and PSDC axons in the
dorsal column are largely normal in dreher mutant mice (Figure 11). Taken all into
consideration, we strongly believe that the roof plate’s function in early dorsal spinal cord
development, and its later function as RGLCs in promoting growth/maintenance of RA
mechanoreceptor axons in the dorsal column, are likely two independent processes
(Figure 14A).

Absence of RGLCs Specifically Affects Ascending Branches of Caudal RA
mechanoreceptor Axons
The mouse dorsal column, which contains two groups of ascending axons, the DDC and
PSDC, and one group of descending axons, the CST, provides a unique model to
examine developmental mechanisms underlying long distance growth of different
neuronal types. Here we showed that disruption of RGLCs specifically impairs the
growth of ascending axons of the most caudal RA mechanoreceptors, but not the
ascending axons of proprioceptors and PSDC neurons (Figures 11 and 13).
Furthermore, we did not observe any gross impairment in the development of the
descending CST axons in the absence of RGLCs (Figures 11I-J, 11I’-J’, and 11M).
Given the non-overlapping developmental time windows between the ascending and
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descending pathways, our results support the idea that the two pathways rely on distinct
developmental mechanisms. Additionally, we found that the RGLCs appear to undergo a
fate change postnatally, as suggested by their downregulation of ZIC2 (Figures 6C-C’),
indicating that CST axons likely do not require RGLCs for their normal development. In
contrast, PSDC and PV+ proprioceptive axons grow into the dorsal column
simultaneously with RA mechanoreceptors (Figures 1C-F), but their development also
appears largely normal in dreher mutant mice (Figures 11A-H and 11K-M). Based on
single cell tracing of RA mechanoreceptors and proprioceptors (Niu et al., 2013), we
know that the ascending axons of RA mechanoreceptors from all vertebral levels project
through the entire spinal cord to innervate the dorsal column nuclei in the brain stem,
whereas proprioceptors have much shorter axons (~6 to 7 spinal cord segments on
average) (Niu et al., 2013), with caudal proprioceptors (~T7 and below) terminating
within the spinal cord dorsal column and synapsing with Clarke’s column. Thus, the longdistance projecting RA mechanoreceptors of the DDC pathway might require more
support than the shorter projecting proprioceptors. In addition, despite the dramatic
phenotype of their ascending branches, other aspects of RA mechanoreceptor central
axon branch elaboration and pathfinding are largely normal in the dreher mutants: their
central projections enter the dorsal column normally, their branches navigate in the
correct directions along the spinal cord axis, they give rise to a normal volume of thirdorder collaterals, and their descending axons grow normal lengths (Figure 13H). In
contrast, Ret mutant mice, which have a dramatic deficit in RA mechanoreceptor
survival, growth of third-order collaterals, and formation of peripheral end organs
(Fleming et al., 2015, 2016; Luo et al., 2009), have a relatively normal dorsal column at
P0 (data not shown). Therefore, separate mechanisms and signaling pathways must be
required for the development of different axon branches of RA mechanoreceptors.
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Taken together, our results support a model in which RGLCs are not required for basal
growth of DRG and spinal cord axons, but instead provide a specialized mechanism for
the promotion and/or maintenance of extra long-distance growth of RA mechanoreceptor
ascending axons to span the entire spinal cord (Figures 14B-E).
Lastly, radial glial cells have been shown to play a variety of important
developmental functions, including the generation of neural progenitors and providing
structural support for migrating newly born neurons (Rakic, 1971). They were also
proposed to provide a permissive growth-conducive environment for axon bundles
during both development and regeneration in regenerative species, such as fish or newt
(the “blue print” hypothesis) (Schwab and Schnell, 1991; Singer et al., 1979). However,
despite interesting correlative observations, direct evidence to show roles for radial glial
cells in promoting long-distance axon growth is lacking, especially in the mammalian
system. In this study, we found that roof plate-derived dorsal column midline cells
express a number of radial glial-specific markers, as shown by both our RNA
sequencing and immunohistochemistry, and have radial glial-like morphology (Figures
3E-F, 7, and 9). In addition, their radial processes form a network perpendicular to the
growing dorsal column axons, which is required specifically for the lengthy growth of RA
mechanoreceptive longitudinal axons (Figure 13B-E). Thus, our study provides direct
evidence that radial glial cells form an important scaffold to guide, support, or maintain
long-distance axon growth during development. Since these cells remain in situ
postnatally after undergoing fate changes, RGLCs could provide potential targets for
future studies to revert them to an embryonic growth-promoting state as a therapeutic
approach to encourage mammalian spinal cord axon regeneration post-injury.
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2.5 Materials and Methods
Animals
Mice were housed in a barrier facility in the Hill Pavilion, University of Pennsylvania and
vivaria at the University of Chicago, Seattle Children’s Research Institute and the
University of Tennessee Health Sciences Center. All procedures were conducted
according to animal protocols approved by Institutional Animal Care and Use
Committees of the respective institutions and the National Institutes of Health guidelines.
Mice used in this paper were described previously: RetCreERT2, RetCFP, Rosa26Tdt (JAX
stock #007908), Rosa26ZsGreen (JAX stock #007906), Rosa26iAP (JAX stock #003309),
Rosa26LacZ (JAX stock #003309), TaumGFP (JAX stock #021162), Gsx1Cre, dreher (dr6J
and drJ), Lmx1aCre (Chizhikov et al., 2006a; Cui et al., 2016; Luo et al., 2009; Millonig et
al., 2000). Both sexes were used for all experiments, from the ages of E10.5 through
adult (ages detailed in figure legend). Timed-pregnancy female Sprague Dawley rats
(Strain code 400) were ordered from Charles River and sacrificed for DRG dissociation
at E16. This procedure was approved by IACUC of Temple University.

Image Acquisition and Quantification
Fluorescent images were captured using a Leica SP5II confocal microscope or a Zeiss
AxioImager A2 microscope. Bright field images were taken using Leica DM5000B
microscope, and semi-thin sections were imaged on the DM5000B with a motor stage
and power-mosaic mode. For quantifying the central projection defects of
mechanoreceptors of dr6J and control mice, whole-mount AP coloring spinal cord was
imaged with a Leica M205C dissection microscope, the ascending and descending
information of sparsely labeled cells was summarized and represented in bar graphs
using a program written in MATLAB (MathWorks). About 8-10 sections of spinal
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cord/DRG or 5 to 10 whole-mount DRGs per animal and three mice per genotype were
used for quantification and statistical analysis of immunostainings. Quantification of dI2-3
and dILA/dILB interneurons was performed on 12μm thick cryosections (3 sections per
embryo, 3 embryos per genotype). Quantification of axons from semi-thin sections was
performed using a program for MATLAB based on axon diameter cutoffs (Niu et al.,
2013). Cell number counting was performed using ImageJ, while column graphs and
scatter plots were generated in GraphPad Prism 5. Pearson’s chi-square test and
unpaired Student’s t-test were performed accordingly. All error bars are ± standard error
of the mean (SEM).

Genetic labeling of RA mechanoreceptors in the dr6J background and wholemount AP staining
To genetically label RA mechanoreceptors in the dr6J mutant mice, RetCreERT2 mice were
mated with a Rosa26iAP reporter line to generate a tandem configuration of RetCreERT2
and Rosa26iAP alleles as previously described (Fleming et al., 2015). Low-level
background Cre recombination of the mouse line was utilized for sparse labeling (Niu et
al., 2013). Whole mount AP staining was conducted as previously described (Niu et al.,
2013).

LacZ+ genetic labeling of roof plate-lineage cells
Lmx1aCre BAC transgenic mice were crossed with a Rosa26LacZ reporter line and drJ
heterozygous mutant mice to generate drJ/drJ and wild-type littermates for lineage
mapping. Tissue was processed as previously described (Chizhikov et al., 2006b).

Immunohistochemistry and semi-thin section
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Immunohistochemistry was performed on fixed frozen sections as previously described
(Niu et al., 2013) using chicken anti-GFP (Aves, GFP-1020, 1:1000), rabbit anti-GFP
(Invitrogen, A-11122, 1:2000), chicken anti-NFH (Aves, NF-H, 1:1000), rabbit anti-NF200
(Sigma, N4142, 1:1000), mouse anti-NFM (Developmental Studies Hybridoma Bank
(DSHB), 2H3, 1:100), mouse anti-NCAM (DSHB, 5A5, 1:100), rabbit anti-ZIC2
(generated in the Herrera lab), goat anti-PGD2 synthase (Santa Cruz, sc-14825, 1:200),
mouse anti-NESTIN (BD Pharmingen, 1:100), mouse anti Isl1 (DSHB, 39.4D5, 1:5),
mouse anti-Lhx1/5 (Lim1/5) (DSHB, 4F2, 1:5), rabbit anti-Pax2 (Proteintech, 21385-1ap,
1:200), guinea pig anti-Lmx1b (T. Perlmann, Karolinska Institute, Stockholm, Sweden,
1:2000) and Alexa Fluorescent conjugated Goat or Donkey secondary antibodies
(Invitrogen or Jackson IR, 1:500-1000). Semi-thin spinal cord sections were performed
as previously described (Niu et al., 2013).

Dissociated DRG cultures and neurite analysis
DRG neurons were dissociated as previously described (Fleming et al., 2015) from
E14.5 control (wild type or heterozygous), dr6J mutant, RetCFP control, or RetCFP; dr6J
mutant mice. Cells were supplemented with 50 ng/mL recombinant mouse Neurturin
(R&D Systems, 477-MN-025) and cultured at 37ºC with 5% CO2. After one-day culture,
cells were washed with 1x PBS and fixed with 4% paraformaldehyde in PBS for 20 min.
Immunohistochemistry was performed using anti-RET (for control and dr6J DRG neurons)
or anti-GFP (for RetCFP and RetCFP; dr6J DRG neurons) and anti-NF165 (see above) to
identify RA mechanoreceptors. Outgrowth from RET+/NFM+ or GFP+/NFM+ dissociated
neurons was traced using Simple Neurite Tracer FIJI plug-in. Images were stitched and
tiled using Stitching FIJI plug-in. Approximately 10 control and 4 dr6J mutant embryos
were collected from 3 litters.
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To test candidate growth factors, DRGs were dissected from E16 rats and
digested with 5mg/mL dispase. Dissociated cells were plated on poly-L-lysine/laminincoated glass coverslips in 12-well plates. On the day of dissection (DIV0), cells were
cultured in Neurobasal media containing B27, Glutamax, Pen/Strep, and 50ng/mL
Neurturin, to preferentially ensure survival of RET+ neurons (Luo et al., 2009). Media
were also supplemented with Fluorodeoxyuridine (FDU) to prevent non-neuronal cell
growth, and anti-NGF antibody minimizes survival of TrkA+ neurons. Concomitantly,
10ng/mL IGF1, IGF2, or PTN was added either individually or in combination to
determine the ability of these factors to promote axon growth. Neurons were cultured for
18 hours and fixed with 4% PFA/Glucose for immunostaining and imaging.

DiO Sparse Labeling
To sparsely label roof-plate lineage RGLCs, Lmx1aTdt spinal cord from P3 animals was
immerse fixed in cold 4% PFA for 2 hours. Spinal cords were sagittally sectioned with
vibratome (300 to 400 µm thickness) in PBS and examined under fluorescent dissection
microscope (Leica M205C) to identify the medial spinal cord sections containing Tdt+
RGLC cell bodies. Very small drops of DiO solution (0.5% in 100% Ethanol) were
delivered at multiple sites where Tdt+ cell bodies are enriched (dorsal to the central
canal) using pulled glass capillary tubes, and allowed to diffuse overnight before imaging
under confocal microscopy.

Laser Capture Microdissection (LCM) of dorsal midline cells
Timed pregnancy mating was conducted to generate wild type E14.5 animals. Embryos
were taken out from the uterus and placed on ice chilled DEPC pre-treated PBS. Spinal
column was quickly dissected out from the embryo and embedded in OCT fresh frozen
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within an ethanol-dry ice bath. For LCM preparation, ~8µm thick frozen sections were
cut using a Leica CM1950 cryostat and mounted onto frame membrane slides (Zeiss
415190-9041-000) and stored on dry ice. Sections were fixed and OCT was removed by
placing the slides in gradient ethanol: 95% 30-40 sec, 75% 30-40 sec, 50% 25-30 sec,
stained in Hematoxylin solution (Sigma, GHS116) for 30 sec, and then transferred to
ethanol gradient for dehydration: 50% 25-30 sec, 75% 25-30 sec, 95% 30-40 sec, first
100% 30-40 sec, second 100% 30-40 sec. Slides were rinsed first with xylene and then
cleared in fresh xylene for 5 min, then air-dried under the hood for 5min. Stained slides
were kept into a desiccator until ready to perform LCM. Laser Microdissection and
Pressure Catapulting (LMPC) was performed on the Positioning Ablation Laser
Micromanipulation (PALM) system from Zeiss and Zeiss (Axiovert 200M) HotLink
Inverted microscope. Dorsal midline cells in the E14.5 spinal cord can be recognized by
their elongated nuclei after Hematoxylin staining. Cells were micro-dissected and
catapulted into a Sample AdhesiveCap 500 (Zeiss, 415190-9211-001).

Genetic labeling of RA mechanoreceptors and fluorescent cell sorting
RetCreERT2 mice are crossed with a Rosa26Tdt reporter line to generate double
heterozygotes. We performed timed matings and treated pregnant female mice with 4hydroxy-tamoxifen (4HT) (1.5, 2mg at E10.5, E11.5 respectively) by oral gavage to
specifically label the RA mechanoreceptor population. E14.5 embryos were harvested
and placed in ice chilled HBSS (D-Hank’s with phenol red, Invitrogen 14170112), then
the DRGs were dissected out and collected into DMEM on ice. DRG cells were
dissociated by repeated passages through a fire-polished Pasteur pipette after digestion
with Trypsin-EDTA (0.05%/0.02% w/v in phosphate -buffered saline) for 30min at 37°C.
Dissociated DRG cells were washed and resuspended in HBSS at a concentration of 1 x
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106 cells per mL. For fluorescence-activated cell sorting (FACS), Tdt+ DRG cells were
isolated by using a Diva or Aria TMII cell sorter (BD Biosciences).

RNA extraction and RNA-seq
Isolated spinal cord dorsal midline cells from LCM and Tdt+ mechanoreceptors from cell
sorting were used for RNA extraction. Total RNA was extracted with the GeneJet RNA
Purification Kit (K0731, Fermentas, Vilnius, Lithuania). Three replicates were generated
for both the cell types. Perelman School of Medicine (PSOM) Next Generation
Sequencing Core at the University of Pennsylvania prepared libraries from RNA samples
and sequenced using the HiSeq 2500 (Illumina) according to the manufacturer’s
protocol. Raw sequences were transformed into clean reads after data processing and
quantile normalization (Bolstad and others, 2003; Bullard et al., 2009).

RNA Sequencing Analyses
Principal component analysis (PCA) of gene expression data was generated by R
“prcomp” and “plot3d” functions. PCA was performed across the 3 replicates for each
sample type (LCM and Ret-Tdt+). The dendrogram of hierarchical clustering was
computed and recorded by column means, and created by R heatmap.2 function. The
volcano plot from differential gene expression uses a cut off of absolute fold change of 5,
and FDR less than 0.05. Heatmap plot was generated using normalized fold change
gene expression, and generated by R heatmap.2 function. Cell-type specific genes for
Fig. 2F were selected based on previously used markers for radial glial or glial cells and
neurons or mechanoreceptors. Housekeeping genes were selected based on previous
publications (Eisenberg and Levanon, 2013; Li et al., 2016; Risso et al., 2014; Usoskin
et al., 2015). For KEGG pathway analysis, the top 3,000 expressed genes based on
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normalized absolute counts in LCM replicates (Fig. S1E) and top 3,000 differentially
expressed genes based on fold change in LCM compared to Ret-Tdt+ replicates (Fig.
S1F) were used for enrichment pathway analysis.

Genetic Mapping of dr6J allele
Tail DNA of control and dr6J/6J mutant mice was extracted and used for the PCR
template. Scanning PCR primer pairs were designed between exons 3 and 4 and
downstream to exon 8. The primer sequences are: F5,
GGGGTTTGAGATGACCCAATG; R5, CCAGCTCGCCTACTTTCACAGG; F6,
CCCTTCATAGTCTTCATTCAC; R6, ACTGGATCAAGGCTCAGAGC; F7,
AGAATGCATGAAAGTTTCACTG; R7, AGCATAAAAGACATTTGGTTCC; F8,
TCTGAGAAGAGGGCTCTGTGG; R8, ATACTCTGCCTGTTCATTTTGC; F9,
ATATCCTGTCATCATAAGCCTC; R9, TCTTCATCTTCTTTTTAAGTCTG; F10,
GGTGCCACACAAATGCTTAAG; R10, CTACAGCTGTTAACCATGCAG; F12,
ACTACCTGGAGGCAGTTGGA; R12, TCAAAAACCAGCATCATGTT; F14,
ATGGCTATTGCTCTCATGAAC; R14, ACTGAACCATTGTTGGGAATT; F18,
TAGCCTTTCAGCTCCAAAAT; R18, GAAAGAATGTGTCAATTTGG.

About this chapter:
This chapter was adapted from a published manuscript (with the inclusion of some
unpublished work):
Kridsada, K., Niu, J., Haldipur, P., Wang, Z., Ding, L., Li, J.J., Lindgren, A.G., Herrera,
E., Thomas, G.M., Chizhikov, V. V, et al. (2018). Roof Plate-Derived Radial Glial-like
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Cells Support Developmental Growth of Rapidly Adapting Mechanoreceptor Ascending
Axons. Cell Rep. 23, 2928–2941.
Portions of this work were written and performed in collaboration with Dr. Jingwen Niu.
RNA sequencing data set is available at Mendeley Data (DOI: 10.17632/j79mscjcw8.1).
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Related Figures

Figure 1. Development of the dorsal column pathways in the spinal cord.
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(A) Schematic representation of ascending (left) and descending (right) pathways in the
dorsal column and the corresponding molecular markers or genetic tracing strategies
used in this study (RET+ mechanoreceptors and PV+ proprioceptors comprise DDC
pathway, NFH labels both DDC axons, Gsx1Cre reporter labels the PSDC pathway, and
the CST is labeled by Emx1Cre and PKCg+).
(B) Functional organization of the two main DDC axon types in a dorsal column crosssection at the cervical level along the medial (M) to lateral (L) axis (Mechanoreceptive:
red, proprioceptive: green, Gr: gracile fasciculus, Cu: cuneate fasciculus).
(C-E) Co-staining of Gsx1Cre; TaumGFP embryonic thoracic spinal cord in transverse plane
with NFH and GFP at E13.5 (C), E14.5 (D), and P0 (E) to label DDC and PSDC axons
respectively.
(F) A schematic frame showing the developmental time window of different dorsal
column pathways.
(G-G’’) TEM of wildtype E15.5 mouse spinal cord to reveal the ultrastructure of the
dorsal column midline cells (red overlay) and g
rowing axons (yellow arrows). (G’) and (G”) are higher magnifications of boxed regions
in (G) and (G’), respectively. Meninges (“m”) borders the sulcus. Nucleus (“N”) of one of
the midline cell soma is visible in the ventral regions of the midline.
Scale bars: (C-E) 100 µm, (G) 10 µm, (G’) 1 µm, (G”) 500 nm. n = 3 mice for (C-E); n = 1
for (G-G”).
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Figure 2. Corticospinal tract development and KEGG pathway enrichment
analysis.
(A-D”) Postnatal genetic tracing of the CST using Emx1Cre; TaumGFP at P0 (A-A’), P2 (BB”), P5 (C-C”), and P7 (D-D”).
48

(E-G) TEM of E14.5 mouse dorsal column to examine radial glial features of midline
cells. Midline cells from end feet (yellow asterisks) at the meninges (“m”), with visible
glycogen granules (yellow arrows) in some processes, all-characteristic of radial glia.
(H and I) KEGG pathway analyses based off top 3,000 highly expressed absolute LCM
transcript counts (E) and top 3,000 differentially expressed LCM transcripts relative to
Ret-Tdt+ (F). Enrichment scores are based on –log (p-value).
Scale bars: (A-D”) 100 µm, (E) 2 µm, (F) 500 nm, (G) 1 µm. n =3 for (A-D”); n = 1 for (EG).
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Figure 3. RNA sequencing of isolated dorsal midline cells and RA
mechanoreceptors reveal radial glial and neuronal specific marker expression.
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(A and B) Isolation and purification of dorsal column midline cells by LCM (A) and RA
mechanoreceptors by genetically labeling (RetCreERT2; RosaTdt line (Ret-Tdt)) and FACS
sorting (B) from E14.5 embryos for RNA sequencing. N= 3 mice for each group.
(C) Principal component analysis (PCA) of transcripts collected from each embryo
assigned LCM and mechanoreceptors (Ret-Tdt) replicates to two distinct clusters
(indicated by green and red ovals).
(D) Hierarchical clustering of transcript fold changes of LCM replicates compared to RetTdt replicates.
(E) Differential volcano plot analysis of LCM versus Ret-Tdt transcriptomes, with Ret-Tdt
differentially enriched genes indicated by negative fold changes (FC) and LCM
differentially enriched genes indicated by positive FCs. Green dots represent genes
differentially expressed with absolute value FC above 10. FC cutoff = ± 5. Markers
enriched in RA mechanoreceptors (Ret, Tubb3) or LCM cells (Nes, Vim, Zic2) are
highlighted.
(F) Heat-map distribution of neuronal and radial glial cell specific markers based on
absolute normalized transcripts from Ret-Tdt and LCM transcriptomes. Housekeeping
genes presented for comparison.
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Figure 4.Candidate growth factors expressed at the midline.
(A) Candidate growth factors expressed in dorsal midline cells and receptors in RET+
mechanoreceptors from RNAseq. Candidate genes Igf2, Ptn, and Igf1 (red) have mean
normalized read counts of 13.47 ± 1.51, 12.29 ± 0.49, and 10.82 ± 1.47, respectively.
(B-E and B’-E’) In situ hybridization with E14.5 thoracic spinal cord sections shows
enriched gene expression of growth factors, Ptn (B-B’), Igf1 (C-C’), and Igf2 (D-D’), and
radial glial marker Nes (E-E’) in dorsal midline cells (yellow arrows) at E14.5. (B’-E’) are
high magnifications of boxed areas in (B-E).
(F) Co-staining of lumbar spinal cord sections at P7 with midline marker NCAM and
dorsal column markers PV and NFH.
(G) Co-staining of Lmx1acre; RosaTdt lumbar spinal cord sections at E16.5 with ZO-1, a
meningeal marker.
(H-I’) Co-staining of transverse lumbar (H) and longitudinal thoracic (I-I’) Lmx1aCre;
Rosa26ZsGreen spinal cord sections at P21. Rosa26ZsGreen is another fluorescent reporter
allele with sparser recombination (here, amplified using GFP staining) allowing for single
cell morphology visualization in (I and I’). TOPRO3 is a nuclear dye to visualize the
central canal (CC).
Scale bars: (B-E) 200 µm, (F) 50 µm, (G-I, B’-E’, I’) 100 µm. n = 3 mice for each.
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Figure 5. Midline cell-expressed growth factors enhance mechanoreceptor
outgrowth in vitro.
(A-E) Axonal growth of cultured E16.5 rat RET+/NFH+ mechanoreceptors (denoted by
white arrows) supplemented with NRTN only (A), IGF1 + NRTN (B), IGF2 + NRTN (C),
PTN + NRTN (D) and NRTN + IGF1 + IGF2 (E).
(F) Quantification of longest axon length in different culture conditions in (A-E). ***p ≤
0.001. N= 5 replicates from 2 different litters.
Scale bar: 100 µm. Error bars represent standard error of the mean (SEM).
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Figure 6. Dorsal midline cells express ZIC2 and radial glial markers.
(A-C’) Co-staining of Gsx1cre; TaumGFP thoracic spinal cord using antibodies against
GFP, ZIC2, and NFH to reveal PSDC axons, dorsal midline cells, and DDC axons
respectively in the dorsal column at different developmental stages. High power images
boxed in A-C are shown in A’-C’.
(D and D’) Co-staining of an E15.5 lumbar dorsal column with antibodies against ZIC2,
PGD2 (Prostaglandin D2 synthase), and NFH. PGD2 marks the meningeal cells in pia
mater, some of which co-express ZIC2 (white arrows), but not dorsal column midline
cells (yellow arrowheads).
(E-G) Staining of thoracic (E-F’) and lumbar (G) spinal cord using an antibody for radial
glial marker progenitor NESTIN and glial-specific marker BLBP at E14.5 (E and E’),
E15.5 (F and F’), and P3 (G). White arrows indicate dorsal column midline.
Scale bars: (A-J, E’-F’) 100 µm, (A’-D’) 50 µm. N= 3 mice for each.
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Figure 7. Dorsal column midline cells are derived from the roof plate and display
radial glial cell morphology.
(A-C’) Co-staining of embryonic Lmx1aCre; Rosa26Tdt thoracic (A-A’) and lumbar (B-D’)
spinal cord dorsal column with Tdt, ZIC2 and NFH to show roof plate derived cells,
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dorsal midline cells and DDC axons respectively at E13.5 (A and A’), E16.5 (B and B’),
and E17.5 (C and C’). (A’-C’) are higher magnifications of boxed regions in (A-C).
(D-D’) High magnification of boxed area in (B’) with Tdt (D) and NFH (D’) in separated
channels. Red arrows indicate the midline gap (filled with Tdt+ midline cells) separating
left and right sides of the dorsal column axons (NFH+).
(E-F’) Staining of Lmx1aCre; Rosa26Tdt cervical (E-E’) and lumbar (F-F’) dorsal column
with NESTIN and BLBP at E14.5 (E and E’) and P3 (F and F’). White arrows indicate
dorsal column midline.
(G-H) Co-staining of longitudinal Lmx1aCre; Rosa26Tdt thoracic spinal cord sections at
E14.5 (H-H’) and E15.5 (G-G’) with Tdt and NFH. See orange rectangle in schematic
below for longitudinal sectional plane. In (G-G’), longitudinal dorsal column fibers are
delineated by white dotted lines, and the central canal is indicated by the yellow dotted
line. (H’) is high magnification of boxed area in (H). (H’) inset is high magnifications of
boxed region in (H), projected along the z-plane. Single Tdt+ cells are outlined in dotted
yellow and green dotted lines. (H”) is a representation of the two cells outlined in (H’).
(I-K) DiO injection targeting Tdt+ cell bodies from longitudinal Lmx1aCre; Rosa26Tdt
thoracic spinal cord sections at P3 to show cell morphology of roof plate derived cells.
Color coded arrowheads denote individual processes (shared colors indicate the same
branch) and colocalization of Tdt+ and DiO labeling.
Scale bars: (A’-C’, D-E’ and G-G’) 100 µm, (F and F’) 150 µm, (A-C, H) 50 µm, and (H’)
10 µm. N= 3 mice for each.
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Figure 8. Genetic mapping of the dr6J null allele and examination of overall spinal
cord integrity in the dreher mutant mice.
(A) Schematic diagram of the mouse Lmx1a gene. Exons for full length protein (1-8) are
represented by the boxes. ATG and TGA represent the start and stop codons,
59

respectively. Orange regions of the boxes are the LIM1 and LIM2 domains. Purple
regions are the DNA-binding homeodomain. The drJ allele has a known single point
mutation of G-to-A (indicated by red arrow), which results in the translation of a tyrosine
instead of a cysteine. The dr6J allele has been previously mapped to span exons 4-8
(bounded by blue scissors). Our close mapping of this allele reveals the deletion begins
at about 2250 bp upstream of exon 4, and ends about 3930 bp downstream of exon 8
(see (B) for reference).
(B) Schematic diagram of dr6J mutant deletion site. Bottom is a zoomed in view of gray
boxed regions from upstream of exon 4 (E4) (left) and downstream of exon 8 (E8) (right).
F and R represent forward and reverse primers used to map deletion with PCR. Green
primers indicate that PCR product was obtained for both control and mutant DNA. Purple
primers indicate where PCR product was obtained for control DNA only, indicating that
the region of the mutant DNA is absent. Deletion start and end are represented by the
blue scissors. Primer pair F14 and R10 (asterisks) span deletion site and successfully
produced PCR product from mutant alleles (see (C) for reference).
(C) Sequence of dr6J mutant deletion site based on primer recognition of F14 (red) and
R10 (green).
(D-K’) In situ hybridization with RNA probes for inhibitory (Glyt2, Gad1/2, Vgat) and
excitatory (Vglut2) neuronal markers in control and dr6J/dr6J littermates at P0-P1.
Scale bars: 200 µm. n = 3 mice for each.
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Figure 9. Roof plate-deficient dreher mutants fail to generate dorsal column
midline cells.
(A and B) Co-staining of E15.5 control (A) and dr6J/dr6J mutants (B) thoracic spinal cord
sections with antibodies against ZIC2 and NFH. White arrows indicate ZIC2+ RGLCs.
(C and D) Co-staining of P0 control (C) and dr6J/dr6J mutants (D) spinal cord sections
with radial glial makers BLBP and NESTIN with NFH. White arrows indicate
BLBP+/NESTIN+ RGLCs.
(E and F) Lineage tracing of Lmx1a expression through Lmx1aCre transgene fused with
GFP in control (E) and drJ/drJ (F) mutant e11.5 spinal cord, detected by
immunohistochemistry for GFP. Arrowheads indicate GFP+ cells in roof plate region.
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(G-N) Lineage tracing of Lmx1a expressing roof plate cells using Lmx1a-LacZ staining in
control and drJ/drJ mutant spinal cords at E12.5 (G-H), E18.5 (I-J), P7 (K-L), and P21 (MN). Filled arrowheads indicate LacZ expression in the dorsal midline. Open arrowheads
indicate expression in scattered dorsal interneurons, potentially of dI1 subgroup. (M’)
and (N’) insets are high magnifications of boxed regions of ependymal layers in (M) and
(N), respectively.
(O) Quantification of Lmx1a-LacZ+ cells found in ependymal layers of control and drJ/drJ
mutant spinal cord sections at P21. Representatively examples in (M, M’) and (N, N’).
****p ≤ 0.0001. N= 3 mice for each.
Scale: (A-F, M’-N’) 100 μm, (G-N) 200 μm.
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Figure 10. Development of DDC pathway and other dorsal spinal cord interneuron
types in dreher mutant mice.
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(A-D) Co-staining of E10.5 spinal cord to visualize dI2 neurons (Lhx1/5+/Pax2-) (A-B) and
dI3 (Isl2+) (C-D) in control and drJ/drJ mutants. Arrowheads indicate respectively labeled
neurons.
(E-H) Staining of E12.5 spinal cord to visualize dILA (Pax2+) (G-H) neurons and dILB
(Lmx1b+) (E-F) neurons. Quantification of dILA and dILB neurons (T) was performed in
the 100 µm x 250 µm boxed regions that contains newly differentiated dILA/dILB
neurons (Mizuguchi et al., 2006).
(I-N) Staining of 3-6 weeks lumbar spinal cord sections with markers for non-peptidergic
(IB4, I and J) and peptidergic nociceptors (CGRP, K and L) and mechanoreceptors
(VGLUT1, M and N) to show their central projections (dotted white line) in the control
and dr6J/dr6J mutant mice, respectively.
(O and P) Co-staining of embryonic cervical spinal cord sections with antibodies against
RET, TRKC, and NFH at E13.5 in control (O) and dr6J/dr6J mutant (P) mice.
(Q and R) Co-staining of embryonic thoracic spinal cord sections with antibodies against
RET, PV, and NFH at E15.5 in control (C) and dr6J/dr6J mutant (D) mice.
(S-U) Quantifications of (S) dI2 and dI3 neurons from (A-D), and (T) dILA and dILB
neurons from (E-H), and (U) the central projections in (I-N) using pixel intensity raw
counts.
Scale bars: (E-P) 100 µm, (A-D, Q-R) 50 µm. n = 3 mice for each. Error bars represent
SEM.
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Figure 11. The gracile fasciculus size is reduced in dreher mutants.
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(A and B) Co-staining of RET and PV, respective markers for mechanoreceptors (white
arrows) and proprioceptors, in controls (A) and dr6J/6J mutants (B) cervical spinal cord
sections at P7-P8.
(C and D) Quantification of gracile region containing PV-negative mechanoreceptors (C),
and cuneate area containing PV-positive proprioceptors (D). *p ≤ 0.05.
(E and F) Co-staining of PV and NFH to show proprioceptors and dorsal column axons,
respectively, in controls (E) and drJ/drJ mutants (F) thoracic spinal cord sections at P7P8.
(G and H) Quantification of gracile region containing PV-negative mechanoreceptors
(G), and cuneate area containing PV-positive proprioceptors (H). **p ≤ 0.01.
(I-J and I’-J’) PKCg staining of 6 week old cervical spinal cord sections in control (I-I’) and
dr6J/dr6J mutant mice (J-J’). (I’) and (J’) are magnified views of boxed regions of (I) and
(J).
(K-L) Co-staining of lumbar spinal cord sections with antibodies against GFP and NFH in
control (K) and dr6J/dr6J (L) mice at P0. PSDC neurons and axons are genetically labeled
with Gsx1Cre; TaumGFP reporter.
(M) Quantification of raw pixel count above background levels.
(N-O and N’-O’) Semi-thin cervical spinal cord sections with toluidine blue staining of
controls (N) and dr6J/6J mutants (O) at adult (5-6 weeks) stages. Gracile fasciculi are
outlined with dotted red lines. (N’ and O’) High magnification of (N) and (O) gracile
fasciculi axons.
(P) Quantification of axon number within gracile fasciculi of controls and dr6J/6J mutants.
**p ≤ 0.01.
Scale: (A-B, I-J, I’-J’, N-O) 100μm, (K-L) 50 μm, (N’-O’) 5 μm. N= 3 mice for each.
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Figure 12. Intrinsic growth ability or neurogenesis and survival of
mechanoreceptors is unperturbed in dr6J/dr6J mutant mice.
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(A and B) Whole-mount co-staining of DRG with antibodies against RET, PV, and NFH
from P8 control (A) and mutant (B) mice.
(C and D) Quantification of RET+/NFH+ mechanoreceptors from whole-mount DRG in (A)
and (B) based on absolute cell count (C), and percentage out of total NFH+ DRG
neurons (D). N = 3 pups, 5 to 10 DRGs each.
(E-E” and F-F”) Representative examples of mechanoreceptors from dissociated DRG
cultures from E14.5 control (E-E”) and mutant (F-F”) embryos, co-stained with antibodies
against NFM (E and F) and RET (E’ and F’) to identify RA mechanoreceptors (E” and
F”).
(G and H) Example computer traces (in magenta) of control (G) and mutant (H) RA
mechanoreceptor neurites from NFM staining in (F) and (G) using Simple Neurite Tracer
FIJI plug-in.
(I-K) Quantifications of computer-traced neurites from control and mutant
mechanoreceptors based on longest neurite (I), total outgrowth length (J), and number
of primary, secondary, and tertiary branches (K). N = 4-8 embryos. Scale bars: 50 μm. n
= 3 mice for each. Error bars represent SEM.
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Figure 13. Aberrantly short ascending axon branches from caudal RA
mechanoreceptors in dreher mutant mice.
(A-C) Representative example of P21 dr6J/dr6J whole mount spinal cord with sparsely
labeled mechanoreceptors using RetCreERT2; Rosa26iAP reporter (A). Higher magnification
shows the central projection of one L4 DRG with normal third order collateral branches
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(white arrows) innervating the dorsal spinal cord (B) and premature termination of
ascending axon at T7 (C) (yellow arrow).
(D and E) Representation of sparsely labeled ascending (blue lines) and descending
(red lines) mechanoreceptive axons in control (D) and dr6J/dr6J mutant (E) mice. X-axis
denotes vertebral level, and Y-axis denotes individual mechanoreceptor neurons.
(F) Quantification of ascending mechanoreceptor axons reaching the medulla in control
and mutant mice according to vertebral level of innervation (X-axis).
(G) Total number of ascending mechanoreceptor axons innervating the medulla in
controls and mutant mice.
(H) Number of vertebral segments crossed by descending mechanoreceptor axons in
controls and dr6J/dr6J mutant mice. *p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001. N =12 mice for
dr6J/dr6J mutant mice and n= 10 mice for littermate control.
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Figure 14. Schematic of RGLC-mechanoreceptor axonal growth model.
(A) Schematic of cell fates of roof plate progeny and developmental period around which
transition occurs.
(B-E) Schematic of hypothetical of spinal cord development at E13.5 (B), E14.5 (C), and
E15.5 (D). At E13.5 and prior, the dorsal column has not yet begun development (B). As
dorsal column development initiates, the RGLCs begin their descent toward the central
canal (CC) (C). At E14.5, when mechanoreceptors first enter the spinal cord, the RGLCs
descend and form a network with their apical processes, expressing or secreting growth
promotive molecules as the RA mechanoreceptor axons grow adjacently (C).
Interactions with the RGLC processes allow mechanoreceptor axons to ascend to the
medulla by sustaining long-distance growth (D). In the dreher mutant mice, as the
RGLCs are drastically reduced in number, ascending axons of RA mechanoreceptors
lack this important extrinsic growth support for their long-distance trajectory to the
medulla, and thus remain shorter (E).
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CHAPTER 3: An intersectional genetic strategy to dissect the role of Aβ
mechanoreceptors in chronic pain
3.1 Abstract
Tactile sensations are critical for our ability to manipulate objects, to discriminate
textures, and for correct foot placement while walking. This array of information is
conveyed by Aβ low-threshold mechanoreceptors (Aβ-LTMRs) in our skin. Under
chronic pain conditions, these primary sensory neurons can aberrantly initiate pain
signals, resulting in mechanical hyperalgesia or allodynia. However, under other
circumstances, activating Aβ-LTMRs can also provide chronic pain relief. Previous
studies have been limited by their use of physical stimuli or electrical stimulation, which
can activate other classes of primary sensory neurons and unable to isolate the role of a
single type. In order to better define their role in chronic pain, we developed an
intersectional genetic strategy in order to specifically target Aβ-LTMRs using optogenetic
technology to eliminate the need for physical or electrical stimulation. We selected a
mouse line, SplitCre, which induces Cre recombination in the Aβ class of primary sensory
neurons, but not in nociceptors. However, this expression also induced recombination in
spinal cord glia and some keratinocytes in the dermis. We adopted an intersectional
genetic strategy, making use of a Flp recombinase line, AdvillinFlpO, which induces
recombination specifically in all primary sensory neurons, and a Cre- and Flp-dependent
channelrhodopsin line, RosaReaChR. With the overlapping expression of SplitCre and
AdvillinFlpO in Aβ-LTMRs, we successfully excluded recombination in spinal cord glia and
dermis, and restrict expression of RosaReaChR in Aβ-LTMRs. This intersectional genetic
strategy will be a powerful tool to exclusively activate the Αβ-LTMRs without the
confounding factors introduced through physical or electrical stimulations.

72

3.2 Introduction
Pain often serves as a protective signal against impending threat to our bodies, whether
it be from extreme temperature, traumatic force, or damage to an injured body part.
However, when pain persists long after the primary cause fades, the results can be a
devastating disease. In 2016, an estimated 20.4% (50 million) of US adults suffered from
chronic pain, for nearly half of whom the condition impacted their normal day-to-day
function (Dahlhamer et al., 2018). A 2010 estimate indicates that a staggering $560 to
$635 billion is lost in annual productivity and medical costs due to pain conditions in the
US (Gaskin and Richard, 2012). Despite these massive economic burdens, limited
understanding of the mechanisms of chronic pain have been prohibitive to development
of effective treatment.
One of the most common symptoms characteristic to chronic pain is heightened
sensitivity to low threshold innocuous stimuli, known as allodynia, a form of hyperalgesia
(Sandkühler, 2009). In these cases, gentle stimulation of peripheral low-threshold touch
neurons is sufficient to elicit pain sensation. Human patient evidence suggests that this
heightened sensitivity likely arises from central sensitization, where alterations in central
pain processing allow the activation of the pain pathway by innocuous stimuli (Woolf,
2011).
The phenomenon of mechanical allodynia is one example in which abnormal
conditions can elicit inappropriate crosstalk between sensory modalities, touch and pain.
Existing literature supports the idea that such crosstalk is the result of a change in “gate
control” under chronic pain conditions. The original theory proposed in 1965 by Melzack
and Wall suggested that dorsal horn neurons within the substantia gelatinosa act as
“gate control” for afferents from large (innocuous) and small (nociceptive) diameter
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sensory neurons by mediating which contributions activate the pain transmission
pathway (Melzack and Wall, 1965). Under normal conditions, inhibitory interneurons
within the deep layers of the dorsal horn suppress the inappropriate activation of
superficial interneurons, which receive both large and small diameter afferents, by
innocuous stimuli. This gating activity can occur either presynaptically at the primary
afferent, or postsynaptically, through other interneuron circuits activated by innocuous
stimulation. Under chronic pain conditions, these “gating neurons” are compromised,
and large diameter afferents are subsequently able to activate the pain transmission
pathway through disinhibition. Over the last few decades, a number of studies
supporting the gate control theory have identified and genetically accessed dorsal horn
interneuron populations that perform this gating function. Interneurons recently identified
include those expressing neurokinin 1 receptor (NK1R+) (Torsney and MacDermott,
2006), calretinin/calbindin 2 (CR/CALB2+) (Duan et al., 2014), VGLUT3+ and
VGLUT3+/LBX1+ (Cheng et al., 2017; Peirs et al., 2015), gastrin-releasing peptide
(GRP+) (Sun et al., 2017), dynorphin (DYN+) (Duan et al., 2014; Lima et al., 1993) coexpressed with neuronal nitric oxide synthase (nNOS+) and galanin (GAL+) (Hughes et
al., 2008; Noguchi et al., 1991; Polgár et al., 2013; Puskár et al., 2001; Sardella et al.,
2011b, 2011a; Spike et al., 1993), RET+ (Cui et al., 2016), and parvalbumin (PV+)
(Petitjean et al., 2015). Undoubtedly, the circuitry mediating spinal sensitivity is nuanced
and the complexity of our understanding is only expected to increase as more aspects
come to light.
Numerous studies have provided evidence to show that these Aβ low-threshold
mechanoreceptors (Aβ-LTMRs) play a necessary role in mechanical allodynia. The AβLTMRs are a large diameter, highly myelinated class of primary somatosensory neurons,
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which transmit discriminative touch sensation. Like other primary sensory neurons, AβLTMRs receive sensory information from their peripheral specialized nerve endings in
the skin, and transmit the signals through their central axons to the spinal cord. Third
order collateral branches innervate the deep layers of the spinal cord dorsal horn,
laminae III through V, spanning multiple spinal segments in each direction (Niu et al.,
2013). In one of the earliest studies examining Aβ-fiber function in pain sensitivity,
human volunteers received intradermal injections of capsaicin, a TRPV1 receptor
agonist, which induces a zone of mechanical hypersensitivity (Torebjörk et al., 1992).
Intraneural electrical stimulation of large diameter fibers prior to capsaicin injection
elicited a tactile, innocuous sensation, which became painful after the injection. In
another study, injection of mustard oil, a TRPA1 receptor agonist, induced mechanical
allodynia when Aβ-fibers were stimulated with a gentle brush (Koltzenburg et al., 1994).
Others have shown activity in the somatosensory cortex when volunteers received
innocuous electrical stimulation of Aβ-fibers after capsaicin-induced hyperalgesia was
similar to responses to painful stimuli (Baron et al., 2000). Evidence from the literature
also support that Aβ-LTMR activity is actually required for the induction of mechanical
allodynia. In patients with hyperalgesia following nerve injury, an ischemic block was
sufficient to eliminate sensitivity to mechanical stimuli (Campbell et al., 1988). Nerve
compression blocks inhibiting light touch sensation were also able to reduce
hyperalgesia following mustard oil or capsaicin application (Koltzenburg et al., 1992).
More recently, selective suppression of Aβ-fiber activity with a TLR5-mediated blockade
was sufficient to suppress neuropathy-induced mechanical allodynia in human patients
(Xu et al., 2015). Together, these studies provide evidence that activity of Aβ-LTMRs
can initiate pain transmission pathways under certain conditions.
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Despite the substantial evidence from the above-mentioned reports for a pain
facilitating role, other studies suggest that Aβ-LTMRs instead can instead suppress pain
transmission. In one study, acute pain was evoked by optogenetic stimulation of
myelinated A-fiber nociceptors, but when LTMRs were concurrently activated, the pain
was reduced (Arcourt et al., 2017). Another study showed pain could be evoked with a
laser emitting radiant heat, but was alleviated with concurrent touch (Mancini et al.,
2014). Similar findings were also found with capsaicin-induced mechanical allodynia,
where Aβ-fiber stimulation suppressed pain sensation (Liljencrantz et al., 2014). These
findings are supported by the feedforward inhibitory role that is predicted by the gate
control theory under normal conditions. On the other hand, further anecdotal evidence
shows Aβ-fiber activity can suppress pain even under neuropathic or injury conditions.
Therapeutic approaches preferentially targeting large diameter Aβ-fibers also have
provided patients with pain alleviation. Transcutaneous electrical nerve stimulation
(TENS) and spinal cord stimulation (SCS), which target highly myelinated large diameter
neurons, have both been shown to have analgesic effects for many patients with
neuropathic pain (Celik et al., 2013; Linderoth and Foreman, 1999; Norrbrink, 2009;
Smits et al., 2013). Likewise, massage therapy has provided an increasingly popular
alternative approach for pain alleviation (Tsao, 2007). Altogether, such evidence
suggests that under the right conditions, stimulation of touch-sensitive neurons is able to
suppress pain transmission.
These contradictory roles raised the following question: what are the conditions
in which Aβ-LTMRs are pain facilitating versus pain suppressing? The answer could be
in the way that they are recruited for each outcome. Many of the studies supporting a
pain facilitating role targeted localized regions of skin. In contrast, evidence for pain
76

alleviation generally came from studies where Aβ-LTMRs were activated more globally.
Here, we propose that the paradoxical outcomes result from the degree of Aβ-LTMR
recruitment. Peripheral activation, as suggested by the gate control theory, likely recruits
local Aβ-LTMRs innervating the local affected region (Figure 15). On the other hand,
central stimulation is more likely to recruit Aβ-LTMRs across multiple spinal segments,
including those innervating unaffected regions. Such widespread recruitment could
potentially induce lateral inhibition between spinal segments to suppress localized pain
circuitry (Figure 15).
A major limitation of previous studies was the inability to specifically and
selectively target Aβ-LTMRs without also activating additional sensory populations.
Thus, genetic targeting is imperative to this study. An optogenetic approach allows for
the genetic access and activation of the population of interest without multisensory
stimulation caused by physical stimuli like those used in prior studies. Here, we
developed an intersectional genetic strategy by which we can express light-activatable
channelrhodopsin (ChR) in the Aβ class of neurons in order to remotely activate them at
the periphery or centrally under chronic pain and normal conditions. The following data
contain the development and characterization of the transgenic mouse line that will lay
the ground work for future investigations of the role of Aβ-LTMRs in mediating pain.

3.3 Results
Expression of SplitCre in spinal cord, DRG, and skin
Early efforts from our lab to establish a mouse line took advantage of an inducible Cre
recombinase line, RetCreERT2 (Luo et al., 2009), to induce the expression of light-sensitive
ChR (RosaChR2-eYFP) specifically in large-diameter RA mechanoreceptors. However, we
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encountered some limitations with this approach, including low efficiency, gestational
difficulties introduced by 4-hydroxytamoxifen (4-HT) administration, and inconsistent
levels of recombination. Additionally, we found that off-target recombination increased as
the animals aged, indicating a decrease in the specificity of the genetic restriction. As an
alternative approach, we decided upon another transgenic line, SplitCre (Rutlin et al.,
2014), which has previously been shown to induce recombination in Aβ
mechanoreceptors. The SplitCre line was generated in a collaboration between the Ginty
lab and GENSAT by injecting two bacterial artificial chromosome (BAC) transgenes
containing genetic sequences for Abhydrolase Domain-Containing Protein 3 (Abhd3)
and Netrin G2 (Ntng2), whose overlapping expression is exclusive to Aβ
mechanoreceptors (personal communication). The co-expression of both Abhd3 and
Ntng2 transgenes prompts the respective production of N- and C-terminal fragments of a
codon-improved Cre (iCre) in the cell. These fragments fuse together to form a
functional recombinase (Figure 16A).
To examine the specificity of the SplitCre mouse line, we crossed the line with
RosaChR2-eYFP, which allowed us to visualize iCre recombination through YFP reporter
expression, detected by anti-GFP antibody. As expected, we observed expression
colocalization with large-diameter mechanoreceptor markers, RET and neurofilament
(NFH), in DRG (data not shown). In contrast, we saw almost no overlap with smalldiameter nociceptor marker CGRP (Figure 16C). At the periphery, we noted GFP+ fibers
innervating mechanoreceptive cutaneous structures, labeled by S100, indicative of
Meissner corpuscles (data not shown). In the spinal cord, GFP+ fibers were found
concentrated in the medial dorsal column and deep layers of the dorsal horn (laminae IIIV) that excluded the superficial CGRP+ nociceptive laminae (Figure 16B). Altogether,
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these observations are consistent with expression specifically in the Aβ class of primary
sensory neurons. However, we also found GFP expression in non-neuronal cells
scattered throughout the spinal cord in animals beginning as early as 3 weeks old,
increasing in intensity with age. Based on the morphology, these cells appeared to be
oligodendrocytes or other type of glia (Figure 17.2B). The number of GFP+ glial cells
was variable between animals. In the most extreme case, we found a high concentration
of GFP+ glial cells in the dorsal horn and ventral horn, as well as in the dermal layers of
the skin (Figures 17.2D, 17.2E). When paw or face skin was stimulated with blue laser
light, the animal responded with immediate nocifensive behavior not otherwise observed
in animals with little to no GFP+ in the dermal layer. Thus, off-target expression in these
non-neuronal cells not only was able to elicit behavioral responses, but was likely to
confound any conclusions we could make without further genetic restriction.
Another stipulation we had not anticipated was the occurrence of “low level”
SplitCre expression. Perhaps as a result of the unique properties of this mouse line, we
found that some animals (~19.8% from 10 litters examined) exhibited faint bands
(“SplitCre/LOW”) when genotyped for SplitCre compared to strong positive bands (Figure
17.2H). We found that in these animals, the spinal cords expressed nearly
indistinguishable amounts of GFP in Aβ-fibers compared to strongly SplitCre-positive
animals (Figure 17.2F). In contrast only low levels of GFP were found in the DRG of the
SplitCre/LOW animals (Figure 17.2G). This difference may have been due to the intrinsic
density of the axonal processes in the spinal cord, compared to the cell somas in the
DRG, rather than differences in subcellular localization. One reason for the incidence of
SplitCre/LOW animals could be a result of the process used to generate BAC transgenic
mice like the SplitCre line. During BAC transgenesis, the BAC constructs are randomly
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incorporated into the genome multiple times (Beil and Buch, 2014). During propagation
of the line, some offspring may randomly receive very low copy numbers of the SplitCre
constructs, still detectable by PCR, which decreases the level of recombination that
occurs in SplitCre/LOW animals. Altogether, we found some limitations to usage of the
SplitCre line: off-target expression of ChR2-eYFP in spinal cord glial cells that can elicit
nocifensive behavior at high enough levels, and the existence of sub-optimal expression
levels of SplitCre in some animals. Neither of these observations was previously reported
with this mouse line. To circumvent the former issue, we designed an alternative
transgenic approach described in the following sections. To bypass the latter issue, we
plan to exclude all SplitCre/LOW animals from experiments based on genotyping results.

Intersectional genetic approach with SplitCre; AdvillinFlpO; RosaReaChR
Our primary goal in designing a usable mouse line to probe the role of Aβ-LTMRs was to
ensure the specificity of expression to this population. Given the problems outlined
earlier, we sought to exclude non-neuronal expression, opting to incorporate an
intersectional approach. To this end, we made use of a DRG neuron-specific Flp
recombinase line, AdvillinFlpO, which promotes recombination specifically in adult neural
crest-derived cells, specifically DRG and trigeminal ganglia (TG). Combining both SplitCre
and AdvillinFlpO transgenes, we could promote recombination of a Flp-Cre-doubledependent reporter that would occur specifically in Aβ-LTMRs and exclude off-target
expression in the skin and spinal cord. We chose to use the RosaFSF-LSL-ReaChR-mCitrine line
(“RosaReaChR,” for brevity), which contains two stop cassettes flanked by loxP and FRT
sites. Upon excision of both stop cassettes with the shared presence of Flp and Cre, a
variant of ChR known as red-activatable ChR (ReaChR) is expressed. ReaChR is
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optimally excited by orange to red wave lengths (590-630nm) (Lin et al., 2013). Using
red-shifted wavelengths for optogenetic stimulations also has the benefit of minimal light
scatter when penetrating tissue and low-absorption by blood, which maximizes the
impact of channel excitation. In addition, red wavelengths are not visible to mice, and is
less likely to heavily impact animal behavior with exposure.
We generated SplitCre; AdvillinFlpO; RosaReaChR (“Aβ-ReaChR”) triple transgenic
animals, and examined the expression pattern with an anti-GFP antibody to detect the
expression of ReaChR, which is fused to mCitrine. As anticipated, we saw expression in
large diameter Aβ-LTMRs, colocalizing with NFH (~85% overlap) and mostly excluding
expression with IB4 and CGRP small-diameter markers (2% overlap) in the DRG (Figure
17.3D, 17.3E). We again saw expression in laminae III-V, which overlapped with
glutamatergic marker VGLUT1, but not CGRP or IB4 (Figures 17.3A, 17.3B, and data
not shown). We found GFP+ fibers in the dermal layer of the skin which colocalized with
NFH (Figure 17.3C). Altogether, these findings are supportive of specific ReaChR
expression in Aβ-LTMRs. To show that the ReaChR channel can activate dorsal spinal
primary afferents with optogenetic stimulation, we exposed a portion of the dorsal spinal
cord above the lumbar enlargement of an anesthetized Aβ-ReaChR mouse. After 10
minutes of blue laser stimulation (at 20mW), we observed increased c-Fos expression in
the deep layers of the lumbar dorsal horn in the LTMR recipient zone compared to
cervical regions distant from the site of stimulation (Figures 17.3G, 17.3H). We also
observed muscle twitches for the duration of light stimulation, indicating that some
proprioceptors were also activated. These results suggest that Aβ-expressed ReaChR is
able to optogenetically stimulate neuronal activation. However, despite this new
intersectional approach, we still found glial cell expression patterns in the spinal cord
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similar to what was noted previously (Figure 17.3F). This result suggested that one of
the recombinases, most likely the Flp, was not properly restricting expression to the
DRG neurons, and would require us to reevaluate our genetic strategy.
Next, we entertained the possibility that the AdvillinFlpO allele had entered the
germline, expressing in all cells, and did not restrict recombination to the DRG as
intended. Based on prior experience with the line, we suspected that entrance into the
germline may have resulted from paternal provision of the allele. We revisited the mating
strategy by ensuring that at each generation, the AdvillinFlpO allele would strictly be
propagated from the maternal side. Analysis of expression in F2 generation AβReaChRf/+ animals from 1 to 4 months revealed that only low levels of GFP were
expressed by some spinal cord glial cells beginning at 2 months (Figures 18.4A-D). This
expression level did not increase with age. As expected, GFP expression was restricted
to LTMR specific regions of the spinal cord, large diameter neurons in the DRG, and
innervated S100+ Meissner corpuscles in the dermis (Figures 18.4A’-D’, 18.4A”-D”). F3
generation Aβ-ReaChRf/f animals showed similar expression patterns to F2 animals.
GFP+ fibers were present in laminae III-V, and did not colocalize with CGRP and IB4 in
the DRG or spinal cord (Figures 19.5A-C, 19.5A’-C’). In the glabrous skin, we found
GFP+/S100+ structures indicating Aβ-LTMR innervation of Meissner corpuscles (Figures
19.5D-E). We did note some expression of GFP in fibroblasts in the dermis at early ages
(1 month) of F2 and F3 generations (Figures 18.4A”, 19.5D), which seemed to decrease
as the animals aged (Figures 18.4B”-D”, 19.5E). Given that animals would not be tested
for behavior until around 2 to 3 months, expression in these cells was unlikely to be a
confounding factor. Altogether, our analyses are strongly supportive of restricted
expression of ReaChR in Aβ-LTMRs. With this new maternally-provided AdvillinFlpO
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mating strategy, we were able to circumvent previous non-specific problems that arose
due to germline recombination.

3.4 Discussion
Here, we have developed a new intersectional genetic strategy to specifically target the
Aβ-LTMR class of sensory neurons in an effort to define a role for touch in mediating
pain. Unlike prior studies, we were able to selectively activate the Aβ-fibers with laser
light without the ambiguity of recruiting other sensory classes with physical stimuli. The
generation of Aβ-ReaChR mice circumvents several problems we previously
encountered while generating another Aβ class-specific transgenic line, RetCreERT2, which
produced limited yield with variable expression levels and specificity over time. This new
genetic strategy produces a high expression level of red light-activatable ChR in most
large diameter Aβ sensory neurons that is stable up to 4 months. Additionally, we have
shown that light stimulation at the spinal cord is sufficient to induce c-Fos expression in
the Aβ-fiber recipient zone of the dorsal horn.
The process of developing the Aβ-ReaChR mice uncovered limitations of some
of the mouse lines we used. For one, the SplitCre line showed recombination in both AβLTMRs, spinal cord glial cells, and skin fibroblasts. In the most extreme case, ChR
expression promoted by SplitCre was at high enough levels that light stimulation was able
to elicit nociceptive behavior under normal conditions. This non-specific expression
pattern had not previously been described. Though the reasons for the non-specific
expression remain unclear, it is worth noting that one of the BAC transgenes used to
generate the SplitCre line, Abhd3, begins to exhibit non-neuronal, glial expression in the
spinal cord by adult age (from GENSAT) that are similar to the glial expression patterns
83

we observed. While Ntng2 is expressed exclusively in neuronal fibers in the spinal cord
from embryonic to adult ages (from GENSAT), there is a possibility that both BAC
transgenes are randomly integrated by spinal cord glial cells, thus causing off-target
expression. Thus, further intersectional genetic strategies are required for strict
specificity at the skin and spinal cord. This specificity is particularly important for the
model we propose regarding Aβ-LTMR facilitation or suppression of pain, which hinges
on differences in activation at the periphery (paw skin) or centrally (spinal cord).
Over the last few decades, studies supporting the gate control theory of pain
have identified a number of different dorsal horn interneuron populations that are able to
modulate projections onto the pain pathway (Koch et al., 2018). In accordance with this
theory, many of these studies have shown that under chronic pain conditions, normally
innocuous stimuli are able to elicit pain responses, suggesting that disinhibition of touch
afferents onto pain transmission neurons does occur. In addition, other studies have
shown that activity of large-diameter Aβ afferents is required to induce mechanical
allodynia and hyperalgesia, and activity suppression can eliminate both of these
symptoms. Thus, an accepted interpretation of these studies is that Aβ-LTMRs facilitate
pain under chronic pain conditions. In contrast, substantial anecdotal evidence has
shown that stimulating Aβ-LTMRs can alleviate pain as well. Many chronic pain patients
have found relief in massage therapies, SCS, or TENS, where large-diameter neurons
are activated preferentially. This dichotomy leaves us with the question as to how AβLTMRs are able to effect different outcomes under similar chronic pain conditions.
We noted that for studies supporting a pain facilitating role for Aβ-LTMRs, the
majority took place using local peripheral stimulation. For instance, in the studies with
human volunteers or patients of chronic pain, tests were often conducted on a patch of
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skin. These regions were not large enough to include more than 1 to 2 dermatomes, and
therefore unlikely to include peripheral Aβ-fibers of more than 1 to 2 spinal nerves. In the
studies reporting a pain suppressing role for Aβ-LTMRs, many used TENS, SCS, or
massage therapies, which preferentially activate Aβ-fibers from large regions of the
body. In TENS therapy, electrodes are typically placed at and around the level of injury.
The analgesic effects can also be achieved by placement of electrodes on the
contralateral site of injury, suggesting that pain suppression occurs when Aβ-fibers
outside the affected area are recruited (Kawamura et al., 2017). In SCS therapies,
electrical stimulation is directly applied to the dorsal column of the spinal cord, through
which all afferents of mechanoreceptors ascend to the dorsal column nuclei. Thus,
stimulation of this tract recruits Aβ-LTMR activity across many spinal segments above
and below the targeted location.
Together, these therapeutic approaches strongly indicate that widespread activity of AβLTMRs outside the affected region may override the gate control spinal circuits observed
in more targeted approaches. We therefore propose that in chronic pain conditions, local
stimulation of Aβ-LTMRs causes activation of the pain pathway due to disinhibition as
predicted by the gate control theory. In addition, we propose that global stimulation of
Aβ-LTMRs recruits fibers outside of the affected area that suppress the pain pathway
through lateral inhibition across spinal segments. With the development of the AβReaChR line, we are now able to test this hypothesis using peripheral and central
optogenetic stimulation under chronic pain conditions. Insights from this study will
provide a better understanding of the mechanisms underlying allodynia and
hyperalgesia, with the hope of providing better targets for therapeutic development.
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3.5 Materials and Methods
Animals
Mice were housed in barrier and conventional facilities in the Hill Pavilion and John
Morgan Building, University of Pennsylvania, respectively. All procedures were
conducted according to animal protocols approved by Institutional Animal Care and Use
Committees of the University of Pennsylvania and the National Institutes of Health
guidelines. Mice used in this chapter were described previously: Ai65RCFL-Tdt (JAX stock
#021875), Rosa26Tdt (JAX stock #007908), RosaChR2 (JAX stock #012569), RosaLSL-FSFReaChR

(JAX stock #024846). SplitCre (Rutlin et al., 2014) and AdvillinFlpO were generously

shared by Dr. David Ginty from the Harvard Medical School. Both sexes were used for
all experiments, from the ages of 4 weeks through adult (ages detailed in figure
legends).

Immunohistochemistry and Image acquisition
Immunohistochemistry was performed on fixed frozen sections as previously described
(Niu et al., 2013) or fixed floating sections. Briefly, mice were anaesthetized with a
mixture of ketamine/xylazine/acepromazine, transcardially perfused with ice cold 4%
PFA/PBS. Dissected spinal cord and DRG were post-fixed in 4% PFA/PBS for 2 hours at
4ºC. For fixed frozen sections, tissue was cryoprotected in 30% sucrose/PBS at 4ºC
overnight, and flash frozen in OCT. Tissue was sectioned at 15-20μm with a Leica
CM1950 cryostat. Immunostainings were performed as previously described (Fleming et
al., 2012; Niu et al., 2013). For fixed floating sections, tissue was embedded in 3%lowmelt agarose/PBS, and sectioned at 150μm on a vibratome. Tissue was permeabilized
with 1% Triton/1% Tween-20/PBS for 1hr. Primary antibodies were diluted in 1%
Triton/1% Tween-20/5% horse serum/PBS and applied overnight at 4ºC. Skin was post86

fixed overnight at 4ºC. Tissue was washed with 1% Tween-20/PBS 4 x 30min.
Secondaries were diluted in 1% Triton/1% Tween-20/PBS and applied overnight at 4ºC.
Tissue was washed with 1% Tween-20/PBS 4 x 30min. Tissue was cleared in 50%, and
75% glycerol/PBS for 20-30min each, and mounted for imaging. Antibodies used were
chicken anti-GFP (Aves, GFP-1020, 1:1000), rabbit anti-CGRP (Immunostar, #24112,
1:1000), rabbit anti-c-Fos (Santa Cruz, sc-52, 1:100), rabbit anti-NF200 (NFH) (Sigma,
N4142, 1:2000), chicken anti-NF200 (Aves, NF-H, 1:500), rabbit anti-S100 (Abcam,
ab76729, 1:200), rabbit anti-S100 (Dako, 1:400), lectin IB4-Alexa 594 (Life
Technologies, I21413, 1:500), and Alexa Fluorescent conjugated Goat or Donkey
secondary antibodies (Invitrogen or Jackson IR, 1:500-1000). Fluorescent images were
captured using a Leica SP5II confocal microscope.

Peripheral optogenetic stimulation
To optically activate SplitCre; AdvillinFlpO; RosaReaChR mice through the hind paw, mice
were placed in a small rectangular Plexiglas chamber where they could move freely.
Mice were habituated to the testing room for 1 hr and the chambers for 30minutes for 3
days prior to behavioral tests. Red laser light at 30 mW with a wavelength of 630 nm
was shined to one of the hind paws. We used a continuous 10 Hz sinewave light
generated by a pulse generator (Agilent 10MHZ Function Waveform Generator, 33210A)
connected to the laser source. Light power intensity for each experiment was measured
with a digital power meter with a 9.5 mm aperture (ThorLabs, PM100A). Lastly, light was
only applied to mice standing on all four paws, calm and still, but not in the process of
grooming.

Central optogenetic stimulation
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In order to circumvent activity suppression effects of anaesthesia for pilot spinal optical
stimulation of SplitCre; AdvillinFlpO; RosaReaChR mice, we performed decerebration as
previously described (Dobson and Harris, 2012). To expose the dorsal spinal cord for
optical access, a ~2cm skin incision was made down the midline above the lumbar
enlargement. A ~1cm muscle incision above L2-L3 was made and muscle was gently
cleared with surgical swabs. The dorsal portion of the L2-L3 spinal column was removed
with a rongeur. A blue laser light at 20 mW with a wavelength of 473 nm (Shanghai
Laser and Optics Century, BL473T8-150FC/ADR-800A) was targeted onto the exposed
spinal cord for 10 minutes. We used a continuous 10 Hz sinewave light generated by a
pulse generator (Agilent 10MHZ Function Waveform Generator, 33210A) connected to
the laser source. Light power intensity for each experiment was measured with a digital
power meter with a 9.5 mm aperture (ThorLabs, PM100A).

About this chapter:
The schematic illustrations for this chapter (Figures 15.1 and 16.2A) were created by
Peter Dong. The panels in Figure 17.3D-E were also kindly contributed by Peter Dong to
provide additional information for this chapter. The rodent decerebration for the
experiment in Figure 17.3G-H were performed by Paclink Thaweerattanasinp.
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Related Figures

Figure 15. Schematic of central versus peripheral activation of Aβ-LTMRs in
chronic pain
As proposed by the gate control theory, peripheral stimulation of Aβ fibers (lower left
portion of schematic) will activate inhibitory gating interneurons in the spinal cord dorsal
horn, which provide feedforward inhibition onto the pain pathway under normal
conditions. Under chronic pain conditions, this theory proposes that the gating
interneurons are silenced, thus facilitating aberrent activation of the pain pathway by Aβ
fiber stimulation. We propose that this effect is due to local recruitment of Aβ fibers
within the affected dermatome.
In contrast, during broad recruitment of Aβ fibers, as in the case of central activation
(upper right portion) of the dorsal column, axons outside the affected dermatome are
stimulated. We propose that this broad activation could recruit lateral inhibition across
spinal segments to suppress pain transmission from the injured area.
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Figure 16. Characterization of the SplitCre mouse line
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(A) Schematic of SplitCre genetics. Enhanced Cre (iCre) is expressed as two parts (Nand C-termini) which are under Abhd3 and Ntng2 promoters, respectively. With the
expression of both BAC transgenes, a full and active recombinase is expressed to
induce recombination.
(B and C) Co-staining of lumbar spinal cord (B) and DRG (C) from a 3 month old
SplitCre/+; RosaChR/+ mouse with GFP antibody to detect ChR-eYFP expression, and
CGRP to detect peptidergic nociceptor neurons and axons. Arrows indicate
recombination in spinal cord glia.
(D and E) Co-staining of lumbar spinal cord (D) and plantar glaborous skin from a 3
month old SplitCre; RosaChR/+ mouse with anti-GFP.
(F and G) Co-staining of lumbar spinal cord (F) and DRG (G) from a 3 month old with
SplitCre/LOW (“Split-Cre+/?”) genotype, using GFP and CGRP antibodies. Arrows indicate
recombination in spinal cord glia.
(H) Representative genotyping PCR gel showing “true” positive bands for SplitCre allele
(“+/-“), negative band (“WT”), and SplitCre/LOW genotype (+/?, yellow asterisk).
Scale bars: 500μm (B, D, and F); 300μm (C, E, and G). n = 3 for (B and C); n = 1 for (D
and E-G).
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Figure 17. Initial generation of Aβ-ReaChR mice
(A and B) Co-staining of lumbar spinal cord from a 2 month SplitCre; AdvillinFlpO;
RosaReaChR/ReaChR mouse with GFP, IB4, and CGRP antibodies. (B) is a higher
magnification of boxed area in (A).
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(C) Co-staining of plantar skin from SplitCre; AdvillinFlpO; RosaReaChR/ReaChR mouse with
GFP and NFH antibodies.
(D and E) Co-staining of DRG from SplitCre; AdvillinFlpO; RosaReaChR mouse with GFP and
NFH (D), and GFP, IB4, CGRP (E) antibodies.
(F) Immunostaining of lumbar spinal cord from 2 month SplitCre; AdvillinFlpO;
RosaReaChR/ReaChR mouse with GFP antibody.
(G and H) Co-staining of cervical (G) and lumbar (H) spinal cord from a SplitCre;
AdvillinFlpO; RosaReaChR/ReaChR mouse with c-Fos and GFP antibodies, following 10
minutes of 30mW blue laser stimulation at the lumbar dorsal column.
Scale bars: 400μm (B and C); 200μm (A, D, E, G, and H); 100μm (F). n = 3 for (A-F); n =
1 for (G and H).
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Figure 18. F2 generation of Aβ-ReaChR mice
Co-stainings of lumbar spinal cord, DRG, and plantar skin from F2 generation of SplitCre;
AdvillinFlpO; RosaReaChR/+ (with Advil-FlpO from maternal side) with GFP, CGRP, and
S100 (for C” and D” to detect Meissner’s corpuscles) antibodies at 4 weeks (A-A”), 2
months (B-B”), 3 months (C-C”), 4 months (D-D”). White arrows indicate low level
recombination in spinal cord glia.
Scale bars: 600μm for (A’, A”, B’, and B”); 500μm for (C, C’, D, and D’); 300μm for (A
and B); 1mm for (C” and D”). n = 3 for (A-A”); n = 1 for (B-D”).
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Figure 19. F3 generation of Aβ-ReaChR mice
Co-stainings of lumbar spinal cord, DRG, and plantar skin from F3 generation of SplitCre;
AdvillinFlpO; RosaReaChR/ReaChR (with Advil-FlpO from maternal side) with GFP, IB4, CGRP
(A and A’), and S100 antibodies at 1 month (A, A’, and D), 2 months (B and B’), and 4
months (C, C’, and E). White asterisks in (D and E) indicate dermal layer where GFP+
keratinocytes are visible at 1 month (D), but not later (E).
Scale bars: 300μm for (B, B’, C, and C’); 200μm for (A, A’, D, and E). n = 2 for (A, A’,
and D); n = 1 for (B, B’, C, C’, and E).
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CHAPTER 4: Conclusions and future directions
4.1 Do other radial glia mediate the spinal cord tract formation?
The importance of the roof plate during early neural tube development has long been
recognized (Augsburger et al., 1999; Chizhikov and Millen, 2005; Lee et al., 2000; Liem
et al., 1997; Millen et al., 2004), yet its role afterwards is unclear. Using a roof platedeficient mutant mouse line in Chapter 2, we showed a role for a specialized population
of roof plate-derived glial cells, the RGLCs, in the long-distance growth support of RA
mechanoreceptors. The role of RGLCs is remarkably specific: in RGLC-deficient
conditions, we found that the only grossly affected axon tract in the dorsal spinal cord
was that containing the touch-sensing RA mechanoreceptors. Other dorsal column tracts
were roughly normal in volume, suggesting no obvious defects in their development.
Even more remarkable was the fact that only the ascending, but not the descending,
axon branch of the RA mechanoreceptors exhibited a length deficit. In other words,
within the same neuron, only one of the two central branches relies on the presence of
RGLCs. Our data are consistent with the notion that the longest-spanning axon
branches within the spinal cord require continuous growth support to reach their final
targets, whereas comparatively shorter branches predominantly rely on shorter, more
local signals. Our findings also raise the question as to how different axonal branches of
the same neuron are able to differentially navigate and grow. Future work is needed to
determine whether sublocalized surface expression of guidance cue receptors may
underlie differential axon branch behavior.
Radial glia play a variety of roles in the developmental nervous system, as neural
progenitors and scaffolding for migrating newborn neurons. While some descriptive
evidence suggests that radial glial cells may form growth-supportive conduits for newly
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developing axon tracts (Barry et al., 2013), there has been little direct support showing
this relationship. In our study, we showed that in the absence of glial support, specific
axon tracts can be affected. Our findings may suggest that different glial populations
differentially mediate the growth and direction of distinctive axon tracts. Different
responses to guidance cues expressed by separate glial cell populations could
potentially influence both the positioning and direction of adjacent white matter tracts.
For instance, some studies have shown that glial processes may provide physical
barriers to prevent premature decussation of the CST and to channel pioneering CST
axons (Joosten and Gribnau, 1989; Schwab and Schnell, 1991; Steindler, 1993).
Interestingly, in mammals the position of spinal cord tracts is largely conserved,
with the exception of the CST (Watson and Harrison, 2012). This consistency across
species suggests that fundamental anatomy is somehow encoded into the composition
of the CNS. The idea that glial cells may provide some structure to spinal cord white
matter is not entirely new. In early studies examining lizard and newt, the radial
processes of glial cells were found to form channels through which regenerating spinal
cord axons could grow (Singer et al., 1979). Similar behavior was observed during
embryogenesis in newt, leading to the proposal of the “blueprint hypothesis” (Singer et
al., 1979). The hypothesis proposes that early neuroepithelia and their glia derivatives
intrinsically configure the spinal cord pathways through the channels their create. Other
work suggests that glial cells also provide growth permissive channels during spinal cord
regeneration and early development as well (McDermott et al., 2005; Zukor et al., 2011).
In these contexts, our findings raise the question as to how radial glial cells throughout
the spinal cord dictate the position of different tracts. Perhaps various glial populations
express a variety of different molecules to which distinct axonal types respond or ignore.
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As there are not currently more specific markers that are able to differentiate between
subsets of radial glia, additional work will need to be done to answer these questions.

4.2 Central versus peripheral activation of Aβ fibers
In Chapter 3, I discussed a possible dual role for Aβ-LTMRs in pain during local or
broad activation. We proposed that local stimulation of peripheral Aβ fibers engages the
gate control spinal circuitry, and that these neurons can facilitate pain transmission
under chronic pain, which is well supported by a number of studies (Cheng et al., 2017;
Cui et al., 2016; Duan et al., 2014; Huang et al., 2018; Hughes et al., 2008; Lima et al.,
1993; Noguchi et al., 1991; Peirs et al., 2015; Petitjean et al., 2015; Puskár et al., 2001;
Sardella et al., 2011b, 2011a; Spike et al., 1993; Torsney and MacDermott, 2006). A
good deal of evidence supports the requirement of Aβ fibers in the acquisition of
mechanical allodynia or hyperalgesia, through studies using selective stimulation or
blockage of the Aβ population in chronic pain conditions (Baron et al., 2000; Campbell et
al., 1988; Koltzenburg et al., 1992, 1994; Xu et al., 2015). We also proposed that global
activation of Aβ class neurons might recruit different spinal circuitry that could lead to the
suppression of pain transmission. This idea is supported by anecdotal evidence, which
shows that broad activation of the Aβ class of neurons (SCS, TENS, massage) provides
pain relief (Celik et al., 2013; Linderoth and Foreman, 1999; Norrbrink, 2009; Smits et
al., 2013; Tsao, 2007).
Here, we successfully developed a mouse model, the Aβ-ReaChR, with which to
test the role of the Aβ population in pain using optogenetic activation. With direct light
stimulation targeted at the plantar paw skin (peripheral) or through a cannula above the
spinal cord dorsal column (central), we will be able to investigate behavioral differences
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in awake, freely moving animals by their responses to low threshold stimuli following
chronic pain induction. Previous work in our lab has implemented high-speed
videography to analyze behavioral “syllables” to objectively differentiate noxious versus
touch responses to stimuli (Abdus-Saboor et al., 2018). The analyses include behavioral
traits such as paw shaking, jumping, eye grimace, and paw guarding. Using these
principles, we will be able to analyze paw withdrawal responses to low threshold
mechanical stimulation during Aβ optogenetic stimulation to determine whether animals
exhibit pain or touch reflexes.
Our recent efforts have been focused on developing a wireless optogenetic
approach. Such an approach allows remote stimulation of the target region using LED
lights. This approach eliminates the need for tethering of the animal or manual targeting
to the paw, which may affect animal behavior. In collaboration with Drs. Robert Gereau
and John Rogers, we are developing fully implantable LED devices that can target the
sciatic nerve (peripheral) or lumbar spinal cord dorsal column (central) through near-field
wireless communication. Pilot spinal cord implantations using a TrpV1Cre; RosaChR2
animal, which express ChR in heat-sensitive DRG neurons mediating pain, caused
directed licking of both hindlimbs when activated. This result suggests that wireless
optogenetic stimulation will be a feasible approach to test the Aβ-ReaChR mice.
With the development of the Aβ-ReaChR mouse line and wireless optogenetic
set-up, we will be able to test peripheral versus central stimulation under different
chronic pain conditions, which will include both inflammatory pain (chemical injection)
and neuropathic pain (nerve injury) models. Selection of an appropriate pain model is
discussed in the next section. We will compare behavioral syllables using high-speed
imaging (described above) or real-time place aversion (RTPA) assays as a readout for
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whether animals experience pain or non-pain during light stimulation, comparing
baseline measurements to those under chronic pain. We will also test mechanical
thresholds at the site of injury using von Frey tests to show induction of mechanical
allodynia, which will validate our pain models.
If our hypothetical model is supported, we expect that animals will exhibit
nocifensive and aversive responses to peripheral stimulation during chronic pain, as is
supported by the gate control theory of pain. In contrast, we anticipate that central
stimulation of Aβ fibers during chronic pain will provide analgesia, in which case the
animals may find light stimulation non-noxious and less aversive. Additionally, we will
test acute responses to von Frey hairs of varying weights during central stimulation with
chronic pain to assess whether broadly activating Αβ fibers will alleviate sensitivity to
these physical stimuli. We expect to see a decrease in sensitivity during central
stimulation, which is supported by studies showing that touch activation outside the
affected site is sufficient to alleviate pain (Kawamura et al., 2017; Mancini et al., 2014).
The behavioral studies would serve to affirm our hypothetical peripheral/central
model, but additional work will need to be done to define the physiological properties and
circuit contributions of Aβ fibers. Ultimately, the goal will be to determine what spinal
circuitry is engaged under chronic pain during peripheral or central stimulation of Aβ
fibers. Lamina I pain projection neurons do not normally receive direct synaptic input
from Aβ afferents, but under chronic pain conditions they can receive polysynaptic input
from the deeper laminae Aβ projections when inhibitory gating neurons are suppressed
(Cheng et al., 2017; Torsney and MacDermott, 2006). This contribution can therefore
cause inappropriate activation of the pain pathway by touch afferents in chronic pain.
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To dissect the spinal circuitry involved, we will implement SplitCre; RosaChR2 and cFosGFP mice, which express GFP in c-Fos+ cells to indicate neuronal activation. First, we
will perform whole cell patch recordings from GFP+ lamina I neurons in spinal cord slices
from c-FosGFP mice during dorsal root electrical stimulation as described previously (Cui
et al., 2016). This approach will allow us to identify the number of pain projection
neurons that receive polysynaptic Aβ excitatory input in animals with induced chronic
inflammatory or neuropathic pain compared to untreated animals. Second, to determine
whether lateral inhibition can occur across spinal segments during Aβ fiber stimulation,
we will perform whole cell patch recordings from deep dorsal horn cells in SplitCre;
RosaChR2 sagittal spinal cord sections. Previously, our lab was able to show that
optogenetic stimulation of Aβ fibers in sagittal slice preparations was sufficient to induce
dorsal interneuron response from other neighboring spinal segments (Cui et al., 2016).
Finally, we will generate SplitCre; RosaChR2; c-FosGFP mice, which will allows us identify
GFP+ lamina I neurons activated during chronic pain for recording. Cells that respond
polysynaptically during electrical stimulation of the adjoined dorsal root will be identified.
Then, the selected cells will be recorded during optogenetic stimulation from other spinal
segments. This approach will allow us to determine whether lateral inhibition across
external spinal segments can inhibit lamina I pain projection neurons. If we find
intersegmental inhibition does occur, these results would support our idea that broader
activation of Aβ-LTMRs can produce analgesic effects. The progress made by these
insights will help determine therapeutic goals for different pain treatments in the future,
including improvements on existing therapies, such as SCS and TENS.
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4.3 Are there differences in Aβ contributions based on the chronic pain model?
Part of the difficulty in developing proper pain treatments may be due to our limited
understanding of the mechanistic differences for different types of pain. In a study that
used optogenetics to activate light touch-sensing neurons in TrkBCreERT2 mice, they found
that light stimulation to the paw caused nocifensive responses following neuropathic pain
from spared nerve injury (SNI) (Dhandapani et al., 2018). In contrast, they found no such
responses to light with inflammatory pain induced by injection of complete Freund’s
adjuvant (CFA), despite recording robust activation of the TrkB+ population during
stimulation. These findings could suggest that different forms of chronic pain
(neuropathic versus inflammatory) recruit different spinal pain circuitry or that there may
be a “ceiling effect” in some models of chronic inflammation. Choosing an appropriate
pain model to test different questions is therefore imperative. Many previous studies
typically used a single pain model to test their hypotheses, but the differing responses to
Aβ fiber stimulation with SNI or CFA pain, as observed by Dhandapani et al., suggest
that a singular approach may not provide a complete picture. For these reasons, it may
be prudent to test multiple chronic pain models, including both inflammatory and
neuropathic types.
As with all animal models, the goal is to select one that is reproducible and
predictive of clinical pain states. In testing our proposed model, there are a couple
aspects to take into consideration. Similar to the findings by Dhandapani et al., another
study using a rat model showed that optogenetic stimulation of non-nociceptive Aβ fibers
could induce a nocifensive response after spinal nerve ligation (SNL) (Tashima et al.,
2018). The findings from both studies would suggest that we would be more likely to
observe painful responses with our mouse model using a transected nerve injury model
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over an inflammatory pain model, such as CFA. In both the SNI and SNL models, some
of the paw-innervating nerves are ligated and transected, leaving the remaining nerves
intact. These intact nerves produce the hypersensitivity. By nature of these models, all
DRG sensory types are affected equally by transection. By comparison, use of a chronic
constriction injury (CCI) model, in which ligatures are tied around the sciatic nerve with
no transection, causes preferential reduction of Aβ and Aδ fibers, while C fibers remain
intact. Thus, we might expect peripheral optogenetic stimulation of Aβ fibers to
potentially have different outcomes depending on the injury model. In our own hands, we
have found that mechanical thresholds tested with von Frey hairs also vary between the
SNL and CCI models, with the former providing much more robust allodynia compared
with the latter. These findings may also suggest that we might expect a stronger
nocifensive response to Aβ fiber stimulation using the SNL model. Clearly, there are a
number of considerations that must be made when designing an experiment. Future
work will likely need to fully explore how closely each pain model represents what is
experienced by human patients. Such insights will hopefully lead to development of
better pain treatment.
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